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CHAPTER 1. GENERAL INTRODUCTION 
Background and Significance 
Virtually all liver cells in adult vertebrates, and contact-inhibited 
and/or serum-deprived cultured cells have exited from the cell cycle 
and entered a quiescent state, GO. Quiescence is a unique phase of the 
cell cycle during which no DNA replication takes place (less than 0.2% of 
cells in intact mammalian livers incorporate [^H]-thymidine), yet the 
cells maintain other metabolic and physiological functions (Baserga, 
1985; Pardee, 1989). Entry into, and maintenance of, quiescencc are 
postulated to be regulated by the coordination of many quiescence-
speciOc factors (Bedard et al., 1987; Del Sal et al., 1992; Nuell et al., 
1991; Padmanabhan et al., 1987; Rabinovitch and Norwood, 1980; Stein 
and Atkins, 1986; Stein and Yanishevsky, 1981). 
The possible role of negative regulatory molecules of DNA 
replication in quiescence was first raised by studies of cell fusion. 
Fusion of quiescent human fibroblasts with proliferating fibroblasts 
results in blockage of entry into S phase of the proliferating cells if 
fusion occurs at least 3 h before the Gl/S boundary (Rabinovitch and 
Norwood, 1980; Stein and Yanishevsky, 1981). However, ongoing DNA 
synthesis is not affected in heterodikaryons (Stein and Yanishevsky, 
1981), suggesting that steps leading to initiation of DNA replication may 
be targets of the negative control molecules. Comparison of proteins 
expressed in quiescent versus proliferating chicken heart mesenchymal 
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cells identified a 20-kDa protein expressed speciflcally in the quiescent 
cells (Bedard et al.^ 1987), but no evidence was presented that directly 
links this protein to negative regulation of cell proliferation. A 34 kDa 
homeobox protein, Gax, has been cloned from rat vascular smooth 
muscle cells (Gorski et al., 1993). Gax mRNA is down-regulated in a 
dose-dependent manner up to 15 fold by mitogen stimulation, and this 
down-regulation is correlated with up-regulation of DNA synthesis: 
Gorski and colleagues suggest that Gax has a negative regulatory 
function in the GO to G1 transition (Gorski et al., 1993). Similarly, a 
series of growth arrest-specific genes (gas) have been identified that 
are expressed only in quiescent but not proliferating NIH 3T3 cells 
(Schneider et al., 1988). Ectopic expression of gasl, which encodes a 
transmembrane protein, leads to inhibition of DNA synthesis in normal 
or transformed NIH 3T3 cells (Del Sal et al., 1992). Another seemingly 
similar negative regulatory protein, GADD 153 (or CHOP), is a 29 kDa 
nuclear protein that also blocks cell growth and DNA replication (Ron 
and Habener, 1992) but GADD 153 is believed to function at the G1 to S 
transition point (Barone et al., 1994). All of the above evidence suggests 
that negative regulation controls progression of the cell cycle in 
quiescent cells in order to abrogate DNA replication and keep cells in GO 
phase. 
Cell-free egg extracts from Xenopus laevis can be used not only to 
study the mechanism of eukaryotic DNA replication, but also the 
molecules that regulate replication during the cell cycle (Benbow and 
Ford, 1975; Lohka and Masui, 1983; Newport, 1987). Simple mixing of 
protein-free DNA with cell-free extracts of Xenopus eggs is sufficient to 
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initiate a series of reactions in which chromosome structures are 
assembled and organized one level at a time, leading to assembly of 
stockpiled components into structures that are morphologically 
indistinguishable from normal nuclei. All of these steps must occur 
before DNA replication can begin, and inhibition of any step can block 
replication. 
Despite tremendous progress in our understanding of the cell 
cycle and DNA replication, the mechanism of how the quiescent cells are 
induced and maintained in GO phase is still far from being totally 
revealed. Discovery of the process that determines this negative 
regulation will not only give us a better perspective of the cell cycle and 
DNA replication but also benefit our understanding about the 
mechanisms of neoplasia since most of tumorigenesis occurs when the 
GO-phase negative control of quiescent somatic cells is out of control. In 
my research (see Chapter 3 below), I used Xenopus egg extracts as an in 
vitro DNA replication system to investigate some aspects of negative 
control of DNA replication during quiescence, or the GO phase of the cell 
cycle. My study demonstrates that there are quiescence-specific 
inhibitors which can abrogate DNA replication by blocking some crucial 
steps leading to initiation of DNA replication. 
Chromosomal DNA replication is one of the most fundamental 
biological processes in all metazoan organisms. Typically, every 
chromosome is faithfully replicated once and only once during each cell 
cycle. Although our understanding of the cell cycle has greatly advanced 
in recent years, it is still not known how initiation of chromosomal DNA 
replication is controlled and how once per cell cycle replication is 
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achieved. Two hypotheses have been postulated to explain how 
eukaryotic cells initiate DNA replication. First, the currently accepted 
dogma, or the "replication fork theory", proposes that unwinding of 
replication origins and synthesis of nascent DNA occur in a coupled 
reaction. In the second hypothesis, or "strand separation model", 
initiation of DNA replication begins with unwinding of extensive DNA 
regions which is transiently uncoupled with synthesis of daughter 
strands, and as a result, there are always extensive regions of single-
stranded DNA. 
Mechanisms using replication forks, first demonstrated by Cains 
for replication of E. coli genomic DNA, result in branched, predominantly 
double-stranded replicative intermediates (replication forks) (Cairns, 
1963). In simple genomes, replication occurs frequently by the 
replication fork mechanism. These organisms usually have definite 
origins for DNA replication. Initiation starts with binding of sequence-
specific initiation proteins to the origins, and is followed by unwinding 
of ds DNA at origins and RNA-primed DNA synthesis on the exposed 
templates (Kornberg, 1988; Kornberg and Lorch, 1992). Origins that 
initiate replication by the replication fork mechanism have been 
defined as Origins of Bidirectional Replication (OBR) (Romberg, 1988; 
Kornberg and Lorch, 1992). 
In the case of the eukaryotic Saccharomyces cerevisiae, specific 
chromosomal sequences called "autonomously replicating sequences" 
(ARS), when cloned into plasmid vectors that contain a selectable 
marker, enable the autonomous replication of the plasmid during each S 
phase of the cell cycle (Campbell and Newlon, 1991; Fangman and 
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Brewer, 1991). Every ARS has a match to an 11-base pair ARS 
consensus sequence (ACS). The ACS constitutes the A element of the 
multi-component ARS. The ACS is the only well-defmed origin-specific 
sequence identified to date in eukaryotic chromosomal DNA (Campbell 
and Newlon, 1991; Stillman, 1994). Besides A elements, there are three 
B elements which facilitate ARS to initiate DNA replication in yeast 
(Huang and Kowalski, 1993; Marahrens and Stillman, 1992; Natale et al., 
1993). The B region consists of three individual elements (Bl, B2 and 
B2). An individual B element is not essential for DNA replication, but 
any two of them are sufHcient to cooperate with the essential A element 
to support replication activity of ARS (Stillman, 1994). 
In contrast to yeast replication origins, which have defined 
regions that consist of conserved sequences, initiation events in 
chromosomal DNA in higher eukaryotes are elusive. The most surprising 
feature of DNA replication in complex genomes that differs from 
replication in simple genomes is the appearance of replication bubbles 
distributed throughout a largu DNA region in a single chromosome. 
Electron microscopy of metazoan DNA from cells in S-phase sometimes 
reveals clusters of small replication bubbles (0.1-O.S kb microbubbles) 
spread over 3 to 30 kb (Baldari et al., 1978; Micheli et al., 1982). In sea 
urchin and Xenopus laevis embryos as well as mammalian cells, plasmid 
replication does not appear to require specific DNA sequences but 
instead, seems to depend in some cases on the size of the DNA (Heinzel 
et al., 1991; Marini et al., 1988; McMahon et al., 1985). Furthermore, 
investigators of eukaryotic DNA replication have been facing a paradox: 
although some results indicate initiation of DNA replication occurs 
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randomly over an extensive region of genome, other observations using 
different approaches suggest that preferred sites exist for initiation of 
DNA replication within an initiation zone (Vaughn et aL, 1990). 
Before this paradox was evident, another model of eukaryotic DNA 
replication, the "Strand Separation Model" had been proposed (Gaudette 
and Benbow, 1986). With the expectation of observing abundant 
replication forks as reported in chromosomal DNA isolated from 
Drosophila embryos, Gaudette and Benbow noted that single-stranded 
DNA regions were abundant in chromosomal DNA isolated during all 
stages of early Xenopus embryogenesis and no replication forks were 
seen. These extensive single-stranded regions are comprised 
predominantly of parental, rather than newly synthesized DNA. Based 
on these observations, Gaudette and Benbow proposed a "strand 
separation model": DNA unwinding is uncoupled, both temporally and 
spatially, from DNA synthesis during chromosomal DNA replication 
(Gaudette and Benbow, 1986). However, it has been argued that single-
stranded DNA observed in the above studies results from artifacts 
generated during extraction of DNA samples from Xenopus embryos. In 
this study (see Chapter 4 below), using specially developed techniques, 
I confirmed that extensive regions of single-stranded DNA were not 
only present in the DNA samples extracted from Xenopus embryos, but 
also can be observed in vivo directly in intact nuclei isolated from 
Xenopus embryos. Extensive single-stranded DNA was shown to exist in 
nuclei assembled in vitro in Xenopus egg extracts, which indicates the 
unwinding of extensive region of duplex DNA prior to the beginning of 
DNA replication. 
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Dissertation Organization 
This dissertation is composed of five chapters. Chapter 1 is the 
general introduction in which I present the background and significance 
of my research project and illustrate how the dissertation is organized. 
Chapter 2 is an in-depth review of related literature covering the 
most recent studies of DNA replication and the mechanism of 
quiescence. The first section of this chapter is devoted to recent 
advances in understanding the origins of DNA replication in eukaryotic 
cells. In the second part of the review, I describe what is known about 
regulation of eukaryotic DNA replication with special emphasis on the 
factors that are crucial for initiation and progression of the S phase of 
the cell cycle. The final section of this chapter is a review of the recent 
studies on the mechanism underlying the quiescent stage of the cell 
cycle. 
Chapters 3 and 4 are the two research papers generated from the 
majority of my thesis research. Chapter 2, which consists of a paper 
published in Journal of Cell Biology, describes the novel inhibitors of 
DNA replication found in quiescent cells. The inhibitors were found to 
interfere with the initiation of DNA replication and were regulated 
during progression of the cell cycle. Chapter 4, which comprises a paper 
prepared for submission to Chromosoma, describes characterization of 
extensive single-stranded DNA in intact nuclei isolated from Xenopus 
embryos as well as in sperm nuclei formed in Xenopus egg extracts. 
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Finally, the dissertation closes with Chapter S, a general conclusion 
of my dissertation research. 
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CHAPTER 2. LITERATURE REVIEW 
Origins of DNA Replication 
Chromosomal DNA replication is one of the most fundamental 
biological processes in all metazoan organisms. Typically, every 
chromosome is faithfully replicated once and only once during each cell 
cycle. Although our understanding of the cell cycle has greatly advanced 
in recent years, it is still not known how initiation of chromosomal DNA 
replication is controlled and how once per cell cycle replication is 
achieved. 
The term "origins of replication" is usually defined as the DNA 
sequences at which replication initiates as well as cis-acting sequences 
that promote initiation. Initiation of replication can be thought of as 
requiring three discrete steps: the recognition of cis-acting elements by 
specific initiation proteins, unwinding of the DNA helix which functions 
as the replication origin from which replication proceeds, and the 
selection of sites for the synthesis of the primers. Two hypotheses have 
been postulated to explain how eukaryotic cells initiate DNA replication. 
First, the currently accepted dogma is the "replication fork theory," 
which proposes that unwinding of replication origins and the synthesis 
of nascent DNA occur in a coupled reaction. In the second hypothesis, or 
"strand separation model," initiation of DNA replication begins with 
unwinding of extensive DNA regions which is transiently uncoupled 
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with from synthesis of daughter strands. As a result, there are always 
extensive regions of single-stranded DNA. 
Initiation of DNA Replication in Prokaryotic and Viral Genomes 
Replication fork mechanisms, first demonstrated by Cains for 
replication of E. coli genomic DNA, result in branched, predominantly 
double-stranded replicative intermediates (replication forks) (Cairns, 
1963). In simple genomes, replication occurs frequently by the 
replication fork mechanism. These organisms usually have definite 
origins for DNA replication. Initiation starts with binding of sequence-
specific initiation proteins to the origins, and is followed by unwinding 
of ds DNA and RNA-primed DNA synthesis on the exposed templates 
(Kornberg, 1988; Komberg and Lorch, 1992). As the replication forks 
move away from the origin, synthesis of DNA is continuous on the 
forward arm but discontinuous on the retrograde arm. Discontinuous 
synthesis occurs via repeated synthesis and joining of short RNA-
primed nascent DNA fragments refered to as Okazaki fragments. Origins 
that initiate replication by the replication fork mechanism have been 
defined as Origins of Bidirectional Replication (OBR) (Komberg, 1988; 
Kornberg and Lorch, 1992). 
Origins of DNA replication can be categorized generally into two 
groups: (1) The "genetic origin" (or/) is defined by cis-acting mutations 
in a DNA sequence. (2) the "functional origin" is the actual site where 
DNA synthesis begins (DePamphilis, 1993). By this definition, OBR are 
functional origins. In simple genomes, the genetic and functional origins 
are usually coincident. OBR have been reported in procaryotes. 
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eukaryotic viruses, and lower eukaryotes, but rarely in metazoa. In 
most cases, a sharply defined OBR is found adjacent to or within or'i 
(Hay and DePamphilis, 1982; Hayes and Tullius, 1989; Hayes and Wolffe, 
1992). However, in certain cell extracts that initiate SV40 replication, 
OBR were significantly displaced to sequences outside ori (DePamphilis, 
1993). This may allow extensive DNA unwinding to precede initiation of 
DNA synthesis, thus providing DNA primase-DNA polymerase a with the 
opportunity to begin DNA synthesis outside of ori. 
Initiation of DNA Replication in Yeast 
Specific sequences derived from Saccharomyces cerevisiae 
chromosomes, when cloned into plasmid vectors that contain a 
selectable marker, enable the autonomous replication of the plasmid 
during each S phase of the cell cycle. Physical mapping demonstrated 
that these genetically defined autonomously replicating sequences 
(ARS) direct the initiation of DNA replication (Campbell and Newlon, 
1991; Fangman and Brewer, 1991). Using two-dimensional gels to map 
initiation sites, it was revealed that plasmid replication initiates in the 
vicinity of the ARS elements (Brewer and Fangman, 1987). 
ARS is the only well-defined origin-specific sequence identified to 
date in eukaryotic chromosomal DNA (Campbell and Newlon, 1991; 
Stillman, 1994). Every ARS has a match to an 11-base pair ARS 
consensus sequence (ACS). The ACS is designated as the A element in 
the multi-component ARS. Located adjacent to the A element are 
approximately 80 base pairs that constitute an essential B element 
(Marahrens and Stillman, 1994). The B element contains DNA sequences 
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that are easily unwound when present on a supercoiled plasmid, and 
they may facilitate initiation (Huang and Kowalski, 1993; Natale et al., 
1993). The B element in ARSl, a chromosomal ARS located near the 
centromere on chomosome IV of S. cerevisiae, has been studied in 
greatest detail. The B region consists of three individual elements (Bl, 
B2 and B2) (Stillman, 1994). An individual B element is not essential for 
DNA replication, but any two are sufficient to cooperate with the 
essential A element to support ori acitivity of ARS (Stillman, 1994). All 
ARS elements inserted in plasmids function as replication origins. 
However, only some but not all ARS elements are active as origins on 
yeast chromosomes. 
An initiator protein complex that recognizes the A element in an 
ATP-dependent manner has been purified from budding yeast (Bell and 
Stillman, 1992). This origin recognition complex consists of six subunits 
(ORC1-ORC6) ranging in size from 120 kDa to 50 kDa. ORC is believed to 
play a role in replication initiation on the basis of two observations: 
first, mutations in the A elements that disrupt ORC binding in vitro also 
disrupt origin function in vivo, and second, mutations in 0RC2 and ORC5 
cause defects in S phase entry and/or origin function (Stillman, 1994). 
Initiation of DNA Replication in Metazoan Genomes 
In contrast to yeast replication origins, which have defined 
regions that consist of conserved sequences, there is no evidence 
suggesting that initiation events in chromosomal DNA in higher 
eukaryotes are specific. The most surprising feature of DNA replication 
in complex genomes, which differs from replication in simple genomes. 
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is the appearance of replication bubbles distributed throughout a large 
DNA region. Electron microscopy of metazoan DNA from cells in S-phase 
sometimes reveals clusters of small replication bubbles (0.1-O.S kb 
microbubbles) spread over 3 to 30 kb (Baldari et aL, 1978; Mechali and 
Harland, 1982). Although the significance of these structures is 
unknown, their appearance throughout the nontranscribed spacer 
region of rDNA, which serves as an initiation zone for replication in 
Xenopus laevis, suggests that replication is initiated at many sites 
within a large initiation zone of about 10 kb (Bozzoni et al., 1981). In 
sea urchin, Xenopus laevis embryos, as well as mammalian cells, 
plasmid replication does not appear to require specific DNA sequences. 
Rather, in some cases, it seems to depend on the size of the DNA 
(Heinzel et al., 1991; Marini et aL, 1988; McMahon et aL, 1985). 
However, investigators of eukaryotic DNA replication have been facing a 
paradox: although some results indicate initiation of DNA replication 
occurs randomly within an extensive region of genome, other 
observations using different approaches suggest that preferred sites 
exist for initiation of DNA replication within an initiation zone. One 
example is the study of origins near the dihydrofolate reductase (DHFR) 
amplicon of Chinese hamster ovary cells. Using a 2-D gel technique to 
locate replication origins, Vaughn et aL found that initiation events 
occurred at multiple sites throughout the 28 kb DHFR initiation zone 
(Vaughn et aL, 1990). In apparent contradiction, Burhans et aL 
identified a 450 bp segment of the DHFR amplicon in which transitions 
from continuous to discontinuous DNA synthesis were observed. They 
called this site an origin of bidirecitional replication (OBR). By 
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hybridizing very small nascent DNA probes in this vicinity, Vassilev et 
al. mapped initiation sites to a 2.5 kb initiation zone overlapping the 
Based on the studies of replication origins in the DHFR amplicon, it 
is possible that random selection of DNA sequence may determine 
functional origins for DNA replication in chromosomes. If this is true, 
DNA sequences at replication origins in metazoan cells might not 
necessarily be specific. Identification of origin elements have been done 
by transfecting mammalian cells in culture with plasmids that contain 
inserts of human genomic DNA sequence (Krysan and Calos, 1991; 
Krysan et al., 1989; Krysan et al., 1993). Calos and colleagues found that 
if the inserted sequence is long enough, any randomly selected human 
genome fragment can act as a replication origin on the plasmids in 
transfected mammalian cells (Krysan and Calos, 1991; Krysan et al., 
1989). The initial interpretation from these results was that the 
frequency of potential origins in higher eukaryotic chromosome is much 
higher than in prokaryotic DNA. However, further shortening of 
mammalian DNA inserts to identify possible replication origins was not 
successful (Krysan et al., 1993). Therefore, the size of the insert DNA 
rather than its sequence is more important in determining whether DNA 
replicates. A similar phenomenon of random origins has also been 
observed in Xenopus embryos and egg extracts (Hyrien and Mechali, 
1992; Mahbubani et al., 1992; Mechali and Kearsey, 1984). When 
different fragments of Xenopus ribosomal DNA, single copy Xenopus 
genomic DNA, or yeast ARSs are used as plasmid inserts, two-
dimensional gel profiles show many potential sites of initiation, which 
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are randomly localized on the plasmids (Hyrien and Mechali, 1992; 
Mahbubani et al., 1992). Despite the abundance of potential origins on 
each plasmid, it has been suggested that only a single randomly situated 
origin is chosen to initiate DNA replication (Hyrien and Mechali, 1992; 
Mahbubani et al., 1992). 
Stand-Separation Model of DNA Replication 
Before the discrepancy between the wide initiation zones seen by 
mapping studies and the narrower initiation zones seen by alternative 
mapping techniques was evident, another model of eukaryotic DNA 
replication, the "Strand Separation Model" had been proposed (Gaudette 
and Benbow, 1986). With the expectation of observing abundant 
replication forks as reported in chromosomal DNA isolated from 
Drosophila embryos, Gaudette and Benbow noted that single-stranded 
DNA regions were abundant in chromosomal DNA isolated during all 
stages of early Xenopus embryogenesis, and no replication forks were 
seen. Up to 35 percent of the DNA isolated from blastulae was single-
stranded as measured by a variety of biochemical and biophysical 
criteria. Some of the single-stranded DNA was in stable unwound 
regions several kilobases in length. More appeared to be in extensive 
single-stranded regions up to 75 kilobases in length or in alternating 
single- and double-stranded regions (Gaudette and Benbow, 1986). 
Extensive regions of single-stranded DNA of up to 70 kb in length have 
been reported in a wide variety of eukaryotic organisms (Bjursell et al., 
1979; Carnevali and Filetici, 1981; Collins, 1977; Collins et al., 1977; 
Hoffman and Collins, 1976; Lonn and Lonn, 1988; Paoletti et al., 1967). 
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These extensive single-stranded regions are comprised predominantly 
of parental, rather than newly synthesized, DNA. Based on this 
observations, Gaudette and Benbow proposed a "strand separation 
model": DNA unwinding is uncoupled, both temporally and spatially, 
from DNA synthesis during chromosomal DNA replication (Gaudette and 
Benbow, 1986). Two distinct requirements must be met for initiation of 
DNA replication in chromosomal origin regions (Benbow et aL, 1992): 
DNA unwinding must be initiated, propagated, and stabilized over a 
sufficient distance to permit access by the replication machinery, and 
DNA synthesis must be initiated at sites within the unwound region. In 
the "strand separation model", there are no replication forks in the 
conventional sense; there are also no origins of replication as they are 
usually defined because replication can begin at many sites, irrespective 
of where they usually begin. Finally, initiation events would be 
determined by the joint probabilities of unwinding and primer 
synthesis (Benbow et aL, 1992). 
Xenopus Egg Extracts: An In Vitro Replication System 
Eggs and embryos of the South African clawed frog Xenopus laevis 
have been used as one of the favorable choices for the study of 
eukaryotic DNA replication. Large quantities of Xenopus eggs can be 
easily collected (more than 5000 eggs can be obtained from one frog 
each time). Since Xenopus eggs contain stockpiles of proteins which are 
required for rapid cell proliferation (including DNA polymerases, DNA 
topoisomerases, cyclins, cyclin-dependent kinases, replication protein A, 
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histones, PCNA, NTPs and dNTPs), cell-free egg extracts from Xenopus 
laevis have been used extensively to study not only the mechanism of 
eukaryotic DNA replication but also the molecules that regulate 
replication during the cell cycle (Benbow and Ford, 1975; Chong et al., 
1995; Howe and Newport, 1995; Lohka and Masui, 1983; Madine et al., 
1995; Yan and Newport, 1995b). Simple mixing of protein-free DNA 
with cell-free extracts of Xenopus eggs is sufficient to initiate a series of 
reactions in which chromosome structures are assembled and organized 
one level at a time. This leads to the assembly of the nuclear structures, 
which are morphologically indistinguishable from those of normal nuclei 
(Macaulay and Forbes, 1996; Newport, 1987; Newport et al., 1990). All 
of these steps must occur before DNA replication can begin, and 
inhibition of any step can block replication (Cox, 1992; Kornbluth et al., 
1994; Powers et al., 1995; Zhao and Benbow, 1994). Naked double-
stranded DNA or Xenopus sperm chromatin are usually used as the 
templates to study DNA replication in egg extracts (Blow and Laskey, 
1986; Hutchison et al., 1988; Macaulay and Forbes, 1996; Newport, 
1987; Zhao and Benbow, 1994). DNA templates replicate 
semiconservatively in egg extracts and replication takes place only once 
a cell cycle (Blow and Laskey, 1986; Hutchison et al., 1988). Consistent 
with the fact that early Xenopus embryos prior to midblastular 
transition have a special abbreviated cell cycle with no detectable G1 
and G2 phases (Newport and Kirschner, 1982; Newport and Kirschner, 
1984), egg extracts made from activated Xenopus eggs support 
alternating S and M phases (Blow and Laskey, 1986; Hutchison et al., 
1988; Newport, 1987). In specially made "cycling" egg extracts, mitosis 
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of replicated sperm nuclei has been observed, and 2-4 rounds of the 
abbreviated cell cycle can be carried out in cycling egg extracts. This 
mimics exactly the cell cycle in early Xenopus embryos (Murray, 1991). 
Regulation of Eukaryotic DNA Replication 
Replication Foci/Replication Factories 
Studies using both electronic and fluorescence microscopy have 
revealed that replication of chromosomal DNA is controlled spatially in 
nuclei during S phase of the cell cycle. When cultured cells or nuclei in 
egg extracts are pulse-labeled by bromodeoxyuridine (BrdU) or 
biotinylated deoxyuridine, 100-300 fluorescent foci of incorporation can 
be observed after being stained by fluorescent antibodies or 
streptavidin (Mills et al., 1989; Nakamura et al., 1986; Nakayasu and 
Berezney, 1989; Yan and Newport, 1995a). These foci are in contrast to 
the homogenous staining of nuclear DNA. The replication foci, which are 
similar in size (around 0.5 )xm), are distributed throughout the nuclear 
interior with the exception of nucleoli (Nakayasu and Berezney, 1989). 
Although the fluorescent intensity of an individual replication focus 
may progressively increase, the size and number of replication foci do 
not increase or decrease appreciably throughout S phase. These 
replication foci are likely associated with the nucleoskeleton. After 
treatment with Dnase I and (NH4)2S04 to remove chromatin and soluble 
nuclear components from pulse-labeled S phase nuclei, both the size 
and distribution of replication foci remain surprisingly similar to the 
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untreated nuclei (Nakayasu and Berezney, 1989). Furthermore, if 
nuclear matrix is prepared first and then pulsed-labeled with biotin-
11-dUTP, the pattern of replication foci is still strikingly similar to that 
of the untreated S phase nuclei (Nakayasu and Berezney, 1989). Using 
synchronized mouse 3T3 cells, replication foci are revealed as discrete 
intranuclear granules proceeding at both euchromatic and 
heterochromatic regions in early S phase. Towards late S phase, 
replication foci are clustered into ring- or horseshoe-like arrays over 
heterchromatic regions, whereas the euchromatic regions are 
completely devoid of newly synthesized DNA (Nakayasu and Berezney, 
1989). Similar structures are also seen in nuclei replicating in Xenopus 
egg extracts in vitro. Surprisingly, the number of replication foci (about 
100-300) in sperm nuclei is about the same as that seen in cultured 3T3 
cells (Mills et al., 1989), even though the fibroblasts take ten times 
longer to complete DNA replication than sperm nuclei in egg extracts. It 
has been estimated that Xenopus sperm nuclei would require at least 5 
X 10^ initiations per haploid genome to complete replication in one hour 
in egg extracts (Blow and Watson, 1987). Since there are about 100-300 
replication foci per sperm nuclei in egg extracts, there must be at least 
300 replication forks in each cluster on account of the rapid rate of 
replication occurring in egg extracts (Mills et al., 1989). In egg extracts, 
foci are evenly distributed in nuclei throughout replication cycle and 
are not concentrated at or near the nuclear envelope. This suggests that 
replication is not preferentially associated with the nuclear envelope 
(Mills et al., 1989). Several replication-required proteins are found 
colocalized with replication foci (Cardoso et al., 1993). These proteins 
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include proliferating cell nuclear antigen (PCNA), the 70 kD subunit of 
replication protein A (RPA70), cyclin-dependent kinase 2 (cdk2) and 
cyclin A (Cardoso et al., 1993). These results implicate that the proteins 
may be among the integral components of the foci. 
Replication Protein A and Prereplication Center (preRC) 
Replication protein A (RP-A) is a heterotrimeric complex 
composed of three subunits of about 70, 34 and 11 kD in both human 
and Xenopus cells. It was first identified as a single-stranded DNA 
binding protein that is essential for DNA synthesis in a mammalian cell-
SV40 DNA replication system (Fairman and Stillman, 1988; Wold and 
Kelly, 1988). Prior to the initiation of SV40 DNA synthesis, RP-A 
cooperates with SV40 large T-antigen to facilitate the unwinding of the 
DNA duplex and stabilizes single-stranded DNA through its 70 kD 
subunit (Fairman and Stillman, 1988; Wold and Kelly, 1988). Using 
Xenopus egg extracts, the function of RP-A in DNA replication has been 
extensively studied (Adachi and Laemmli, 1992; Adachi and Laemmli, 
1994; Fang and Newport, 1993; Yan and Newport, 1995a). RP-A was 
shown to be essential for initiation of replication in egg extracts (Adachi 
and Laemmli, 1994; Fang and Newport, 1993). It has been shown that 
the 34 kD subunit of both human and yeast RP-A is phosphorylated at 
the Gl-S phase transition and dephosphorylated at the end of mitosis 
(Salah-ud-Din et al, 1990). In egg extracts, nuclear RP-A is 
phosphorylated in S phase whereas cytoplasmic RP-A remains 
unphosphorylated, which is expected because it was shown that either 
single-stranded DNA or cdk2 can induce directly or indirectly the 
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phosphorylation of RP-A in vitro (Fang and Newport, 1993). Inhibition 
of chain elongation of DNA synthesis by alphidicolin can cause 
accumulation of phosphorylated RP-A (perhaps at the site of replication 
foci)(Fang and Newport, 1993), which implies that phosphorylation of 
RP-A occurs during initiation of replication. 
RP-A was shown by immunofluorescence to be located transiently 
in discrete pre-replication centers (preRCs) prior to the inception of DNA 
synthesis (Adachi and Laemmli, 1992; Yan and Newport, 199Sa). The 
preRCs are thought to be clusters of initiation sites complexed with RP-
A and other essential factors during the pre-replication stage. 
Incubation of sperm chromatin with cytosol of interphase egg extracts 
also results in efficient assembly of RP-A foci (Adachi and Laemmli, 
1992; Yan and Newport, 1995b). However, unwinding of DNA duplexes 
promoted by RP-A occurs only in the replication-competent nuclei, 
which require assembly of the nuclear membrane and lamina network 
(Adachi and Laemmli, 1994). Assembly of preRCs is also cell-cycle 
regulated (Adachi and Laemmli, 1992): they are formed immediately 
after mitosis disappears, and become homogeneously distributed during 
DNA synthesis and disassociated from chromatin at the post-replicative, 
late G2-like stage. Disassociation of RP-A from chromatin can be induced 
by addition of cdc2-cyclin B complexes in interphase egg extracts 
(Adachi and Laemmli, 1994). At very early stages of DNA replication, 
preRCs were demonstrated to be colocalized with replication foci on 
sperm nuclei in egg extracts (Adachi and Laemmli, 1992). Therefore, 
some if not all preRCs seem to be the precursors of replication foci. 
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Recently, a Xenopus foci-forming activity 1 (FFA-1) has been 
identified (Yan and Newport, 199Sb). This 170-kilodalton protein is 
essential for the assembly of RP-A foci in cytosol of egg extracts and 
was suggested to be a integral component of the foci at which DNA 
replication is initiated (Yan and Newport, 199Sb). Given the above, any 
factor in liver nuclear extracts which interferes with the functions of 
either FFA-1 or RP-A would result in blockage of RP-A assembly to 
form pre-replication centers and therefore block DNA replication. 
MCM Proteins 
It has become evident that initiation of eukaryotic DNA replication 
is accomplished by a cascade of protein-protein and protein-DNA 
interactions. Over the past five years, considerable evidence has 
emerged that the MCM protein family is involved in controlling 
initiation of DNA replication to one round per cell cycle. These proteins 
were first noticed in yeast mutants in which ARS function was affected 
(Gibson et al., 1990). 
CDC46 (MCMS^ 
The first suggestion of their relevance was shown by a study of 
CDC46, an essential replication factor in 5. cerevisiae (Hennessy et ai, 
1990). Mutations in Cdc46 gene were originally isolated as suppressor 
for both cdc45 and cdc 54 mutants, which were isolated as cold-
sensitive mutations that arrest with a single large bud (Hennessy et al., 
1990). In S. cerevisiae, CDC46 protein accumulates in the nucleus of 
non-dividing interphase cells. Soon after the cells have become 
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committed to division, CDC46 protein disappears rapidly from the 
nucleus. However, the total level of CDC46 protein in the cell remains 
unchanged throughout the cell cycle, suggesting that CDC46 protein 
becomes mobilized quickly from the cytoplasm into the nucleus as 
mitosis is completed and persists in the nucleus until the next round of 
cell division (Hennessy et al., 1990). Despite a constant level of CDC46, 
transcription of CDC46 mRNA is differentially regulated during the cell 
cycle (Hennessy et al., 1990). When CDC46 mutants were arrested by a-
factor in interphase, immunoblotting indicated that CDC46 accumulated 
in nuclei. In contrast, when cells were arrested in mitosis with a P-
tubulin defect, most of CDC46 proteins was found in the cytoplasmic 
fraction (Hennessy et al., 1990). The protein has a molecular size of 95 
kDa on the basis of SDS-PAGE. One feature of the CDC46 protein 
sequence is a "PEST" site near the amino terminus. PEST regions are 
found predominately in proteins with a high turnover rate (Hennessy et 
al., 1991). 
Other Yeast MCMs 
A series of CDC46-related yeast proteins were found while 
searching for MCM mutants that were unable to stabilize 
minichromosomes that contains an ARS and centromere. These mutants 
affect the stability of minichromosomes in an ARS-specific manner 
(Gibson et al., 1990). One of the mutants, MCM3, was originally 
identified by its inability to stably maintain the minichromosome 
YCp2B, which contains an ARS located 3' to the histone H2B gene. 
Further investigation of this MCMS mutant indicated that the instability 
2 7  
of the minichromosome was determined by the ARS rather than by the 
centromere or the selectable marker contained on the minichromosome 
(Gibson et al., 1990). Therefore, MCM3 seems not only to affect the ARS 
function but also has different effects on different ARSs. The scheme 
used to clone MCM3 involved simultaneously selecting for 
complementation of both the temperature-sensitive growth and MCM' 
phenotypes in an MCM3 mutant strain that has been transformed with 
a wild-type yeast DNA bank. It was predicted that MCM3 encodes a 
protein of 971 amino acids in length with a molecular weight of 107 
kDa. By analyzing tetrads of a diploid strain that contained one wild-
type MCM3 gene and one transposon-interrupted MCM3 gene, it was 
found that MCM3 gene is necessary for cell viability. Another similar 
yeast mutant, MCM2 mutant, has also been carefully studied by Tye's 
group. Mutants defective in MCM2 or MCM3 are remarkably similar in 
phenotype. In addition to sharing striking homology with MCM3, MCM2 
also contains a zinc-finger motif that does not exist in MCM3. 
Pl/Mammalian MCM 
Following characterization of several MCM proteins in yeast, a 
number of higher eukaryotic MCM-related proteins have been 
identified, starting with the mammalian PI protein. PI protein, a 
mammalian MCM 3 with molecular weight of 105 kDa, was identified 
when Knipper's group sought to determine functions of the accessory 
proteins associated with the 'holoenzyme' form of calf DNA polymerase 
a-primase (Thommes et al., 1992). Nuclear localization showed that the 
majority of PI protein remains in the interphase nuclei and suggested 
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that the protein may be bound to nuclear structures instead of being 
free in the nucleoplasm. The nuclear distribution of PI changes 
considerably through S phase. The nucleus was homogeneously stained 
in G1 phase, early- and mid-S phase, but the fluorescence was brighter 
in the heterochromatic than in the euchromatic regions during late S 
phase (Thommes et al., 1992). However, in another report, it was shown 
that PI distribution in nucleus was not uniform in G1 and it 
accumulates transiently in the heterochromatic regions towards the end 
of G1 (Starborg et al., 1995). Unlike RPA and PCNA, residual mammalian 
MCM2 and PI are not concentrated in replication foci during S phase, 
suggesting that the protein is not a co-factor for the elongation reaction 
(Kimura et al., 1994; Starborg et al., 1995). Consistent with the behavior 
of yeast MCM proteins, human MCM3 (pi02) reenters the nuclei in cells 
during the exit from the mitotic phase (Starborg et al., 1995). Most pi02 
is excluded from the chromatin at pro- and metaphase (Kubota et al., 
1995). At anaphase, pl02 is still absent from the condensed chromatin, 
but it reassociated with the chromatin at telophase (Kubota et al., 1995). 
Although the amount of PI protein appears to be rather uniform 
throughout the cell cycle (Starborg et al., 1995), transcription of PI was 
relatively low in growth-arrested cells and had a time-dependent 
increase of the level following serum addition, reaching a maximum at 
the time when the cells enter into S phase (Kimura et al., 1994). The 
homology of PI with a yeast protein which may interact with an ARS 
sequence and its association with DNA polymerase a-primase implicates 
its possible functions in DNA replication in a capacity analogous to that 
which T antigen serves in the initiation of SV40 viral DNA replication. 
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MCM Proteins in Xenopus 
More evidence for the relevance of MCM proteins to initiation of 
DNA replication has come from the studies of in vitro DNA replication 
using Xenopus egg extracts. Using inhibitors of protein kinases such as 
6-dimethylaminopurine (6-DMAP) and staurosporine in these extracts, 
it was found that sperm nuclei formed in kinase-inhibitor treated egg 
extracts were incompetent for initiation of replication but unaffected in 
their capacity for the elongation of replication forks (Blow, 1993; Kubota 
and Takisawa, 1993). These nuclei appear to be 'G2-like' in that the 
chromatin is condensed and nuclei are unable to replicate even when 
transferred to a fresh interphase egg extract. However, brief exposure 
of the chromatin to interphase extracts, followed by transfer to kinase-
inhibitor treated extracts, allows rescue of DNA replication (Kubota and 
Takisawa, 1993). By comparing the protein composition of replication-
competent chromatin assembled in membrane-depleted interphase egg 
extracts, with G2-like chromatin assembled in the kinase-inhibitor 
treated extracts, Nojima's group discovered that three major proteins of 
approximately 100 kDa (110, 100 and 92 kDa) are associated with 
licensed chromatin (Kubota et al., 1995). Immunofluorescence of anti-
pi 00 showed that pi00 becomes associated with DNA before the 
formation of nuclei in egg extracts when the 70 kDa subunit of 
replication protein A (RPA70) was absent from the chromatin, which 
suggests that pi00 binds to the chromatin prior to the formation of 
prereplication centers (Kubota et al., 1995). Anti-plOO 
immunofluorescence on the chromatin becomes less distinct after the 
formation of nuclei, and few pi00 signals were detected after 60 min 
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incubation in egg extracts (Kubota et al., 1995). This decrease in nuclear 
pi GO signal can be inhibited by aphidicolin and p21, implicating that 
start of DNA synthesis may promote disassociation of pi00 from 
chromatin (Chong et al., 1995; Kubota et al., 1995). DNA sequence 
analysis indicates that pi00 is the Xenopus homologue of MCM3 
(XMCM3) (Kubota et al., 1995). The deduced amino acid sequence of 
XMCM3 revealed a potential nuclear localization signal at the C-terminal 
region. However, the transport of GST-plOO into HeLa G2 nuclei or 
sperm nuclei formed in interphase egg extracts has not been observed 
(Kubota et al., 1995). In contrast, transfer across the nuclear membrane 
by native XMCM3 has been observed in egg extracts by Laskey's group 
(Madine et al., 1995). These different results may be due to interference 
of the nuclear localization signal on XMCM3 when it is fused with 
another protein. Laskey's group also showed that XMCM3-
immunodepleted egg extracts can support replication of Gl, but not G2 
HeLa nuclei, which again suggests the relevance of these proteins to 
initiation of DNA replication (Madine et al., 1995). It should be noted 
that immunodepletion of XMCM3 removes all of MCM2, 3, and 5 
proteins from egg extracts. In a similar study. Blow and his colleagues 
used the ability of interphase extracts to rescue DNA replication in 6-
DMAP-treated egg extracts as an assay to identify the proteins involved 
in initiation of replication (Chong et al., 1995). Two protein fractions 
were isolated: one component, designated as RLF-M, contains Xenopus 
MCM2 and XMCM3 and a third uncharacterized protein belonging to the 
MCM family; the other component, RLF-B, is a crude protein fraction 
(Chong et al., 1995). Blow and colleagues suggested that the RLF-B may 
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load RLF-M onto chromatin to form the active complex (Chong et al., 
1995). 
Negative Controls in Quiescence 
Early Studies of Quiescence 
The first evidence which suggested involvement of a negative 
regulators in quiescence came from the studies of cell fusion 
(Rabinovitch and Norwood, 1980; Stein and Yanishevsky, 1981). 
Following fusion between serum-deprived human diploid fibroblast-like 
cells (HDFC) and HeLa cells, quiescent fibroblast nuclei in 
heterodikaryons show a wave of DNA synthesis during the period 
between 3 and 30 h after fusion with about a 3 h delay of DNA 
synthesis (Rabinovitch and Norwood, 1980). Also, during the first 36 h, 
the index of DNA synthesis of HeLa nuclei in heterokaryons 
progressively drops to zero, while the labeling index of HeLa nuclei in 
monokayron and homodikaryon remains elevated (Rabinovitch and 
Norwood, 1980). When HDFCs from log phase cultures were fused to the 
serum-deprived cells, not only were the G1 cells incapable of 
stimulating DNA synthesis in the quiescent nuclei, but they were also 
inhibited from entering the S phase in the heterokaryons (Rabinovitch 
and Norwood, 1980; Stein and Yanishevsky, 1981). This inhibition 
persisted throughout the length of time that control parental log phase-
derived cells continue to enter S phase. Further experiments showed 
that cells in S phase at the time of fusion complete their DNA synthesis; 
in addition, cells fused during the last 3h of the G1 period continue to 
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progress into and through S phase. The fact that the ongoing DNA 
synthesis is not affected in heterodikaryons may implicate that steps 
leading to initiation of DNA replication may be targets of negative 
modulators. It has been suggested that inhibitory genomic DNA 
sequences are preferentially modified (probably through 
rearrangement and amplification) in quiescent ceils (Padmanabhan et 
al., 1987): HeLa cells transfected with genomic DNA from quiescent WI-
38 human embryo fibroblasts become blocked in DNA synthesis. It is 
also possible that quiescence-specific genes may be transferred to HeLa 
cells which lead to inhibition DNA synthesis in HeLa nuclei. 
Growth-Arrest-Specific Genes ( g a s )  
Schneider and his colleagues were the first group to make a 
tremendous effort to characterize quiescence-related genes. They made 
a subtraction cDNA library enriched for RNA sequences preferentially 
expressed in growth-arrested cells and identified a series of growth 
arrest-specific genes that are expressed only in quiescent but not 
proliferating NIH 3T3 cells (Schneider et al., 1988). 
gasl is the only one among the gas genes which is regulated at the 
transcriptional level (Sal et al., 1992). The kinetic appearance of gasl 
either in asynchronously growing cells after serum starvation or in cells 
arrested by density inhibition is inversely correlated with the 
exp re s s ion  o f  c -myc .  The  s imi l a r  behav io r  de sc r i bed  fo r  t he  gas l  mRNA 
has also been observed for Gasl protein by Western blot analysis. 
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Sequence analysis of gasl cDNA indicates that Gasl is a plasma 
membrane glycoprotein with two putative transmembrane domains (Sal 
et al., 1992). The presence in the extracellular region of sequences such 
as RGD and Ser-Gly suggests that Gasl may be involved in cell-cell or 
cell-extracellular matrix interactions. Overexpression of Gasl causes a 
blockage in the cell cycle progression either within the GO-S transition 
of quiescent cells, which have been stimulated to reenter the cell cycle, 
or in asynchronouly growing cells (Sal et al., 1992). However, the 
expression of elements of the early serum response genes such as c-fos 
or c-jun, which are involved in the control of the GO-S progression, is 
not affected by gasl overexpression. Transformed cells do not express 
mRNA of gasl in serum-deprived medium as they continue to divide in 
such restricted conditions. Nevertheless, ectopic expression of gasl in 
proliferating transformed cells still leads to arrest of both normal and 
transformed cells in G1 phase (Sal et al., 1992), which implicates the 
presence of a quiescence-related negative pathway leading to 
abrogation of cellular proliferation. More recent studies indicate that 
overexpression of Gasl blocks DNA synthesis in a p53-dependent 
manner (Del Sal et al., 1995) 
Gas2 
Increased synthesis of Gas2 protein can be detected after cultured 
cells have entered into quiescence by either serum-starvation or 
density-inhibition (Brancolini et al., 1992). Despite the down regulation 
of gas2 mRNA, the level of Gas2 remains nearly consistent when growth 
arrested cells are induced into the growth cycle (Schneider et al., 1988). 
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However, there is a remarkable difference in the phosphorylation level 
between the Gas2 present in serum-starved and growth-stimulated 
cells. Quiescent NIH 3T3 cells have a very low level of phosphorylation, 
but the cells are strongly phosphorylated after having been induced 
into the growth cycle (Brancolini et al., 1992). Computer analysis of the 
gas2 cDNA sequence identified sites for posttranslational modifications. 
These include two sites for cAMP/cGMP-dependent kinase, five for 
protein kinase C, and five for casein kinase II (Brancolini et al., 1992). 
Gas2 is present in serum-starved cells at the cell border, where it 
colocalizes with the microfilament network system. 
Ciasl 
gas3 has been reported to encode a 22 kD integral membrane 
glycoprotein with one N-glycosylation site (Manfioletti et al., 1990). Data 
base search indicates a strict homology between the mouse gas3 
sequence and a rat cDNA. The rat gas3 was cloned because of its axon 
regulated expression: it is abundantly expressed in differentiated 
quiescent Schwann cells in the peripheral nervous system. After nerve 
injury, Schwann cells begin reentering the cell cycle, and mRNA of rat 
gas3 is down-regulated (Spreyer et al., 1991; Welcher et al., 1991). This 
represents the first example of an "in vivo" regulation of a gas gene. 
Gas3 was also shown to be a major component of myelin in peripheral 
nervous system, which indicates the role of gas3 as a differentiation 
specific gene during myelin formation (Snipes et al., 1992). 
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Gas6 
The complete cDNA sequence of the human and murine gas6 gene 
shows about 43% homology with both bovine and human vitamin K-
dependent protein S, which is a negative regulator of the blood 
coagulation cascade (Manfioletti et al., 1993). gas6 is highly expressed in 
serum-starved quiescent NIH 3T3 fibroblasts but its expression 
decreases dramatically after fetal calf serum or basic fibroblast growth 
factor stimulation. A different pattern of expression between Gas6 and 
protein S genes is detected in various human tissues. Protein S is 
predominantly expressed in the liver. On the other hand, Gas6 is 
expressed in various tissues, being detectable in the brain, lung, spleen, 
intestine, and at low level in liver (Manfioletti et a/., 1993). This 
suggests that even though Gas6 and protein S share similar protein 
motifs, they may have different functions in vivo. 
Cyclin-Kinase Inhibitor, p21 
The existence of inhibitors in senescent cells was indicated 
directly by the inhibitory effect of senescent mRNA on DNA synthesis in 
young, cycling human fibroblasts (Lumpkin et al., 1986). Transfection of 
senescence-derived cDNA pools into cycling fibroblasts identified three 
senescent cell-derived inhibitors, sdil, -2 and -3 (Noda et al., 1994). 
Among them, Sdil is the only protein which suppresses cellular 
division. The complete open reading frame of sdil encodes for a protein 
of 164 amino acids with molecular weight of 21 kD on SDS-
polyacrylamide gels (Noda et al., 1994). Ectopic expression of p21 into 
young cycling cells results in inhibition of DNA synthesis (Noda et al.. 
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1994). When fibroblasts were induced to arrest either by culturing in 
low serum medium or by contact inhibition, mRNA levels of p21 
increased dramatically about 20-fold in comparison to that of cycling 
cells (Noda et al., 1994). Identification of p21 as an inhibitor of the cell 
cycle was also accomplished by discovering its other suppressive 
functions: it can act as a potent and universal inhibitor of cyclin-
dependent kinase activity that is capable of inducing arrest of the cell 
cycle at G1 phase (Gu et al., 1993; Harper et al., 1993; Xiong et al., 1993); 
Using a subtractive hybridization approach to identify pS3-responsive 
genes, the p21 gene was identified as a p53-responsive element in the 
cell growth arrest induced by DNA damage, implying that p21 may play 
one of the crucial roles in the pS3 induced pathway of cell cycle arrest 
(El-Deiry et al., 1993). 
The involvement of p21 during termination of cell differentiation 
and induction of cell growth arrest was well illustrated in studies of 
muscle cell differentiation (Halevy et al., 1995; Parker et al., 1995; 
Skapek et al., 1995). Myoblasts start to differentiate into muscle cells 
when they are changed from medium containing a high concentration of 
serum to one with a low concentration of serum. Differentiation of 
myoblasts is coupled with expression of a family of transcription 
factors, called the myogenic basic helix-loop-helix (bHLH) proteins. 
These factors trigger a cascade of muscle differentiation proteins 
(Halevy et al., 1995; Skapek et al., 1995). Expression of the p21 gene 
was shown to be increased by differentiation of myoblasts (Skapek et 
al., 1995). In cultured myoblasts, transcription of MyoD, a member of 
bHLH family, was shown to be turned on by p21 (Skapek et al., 1995). 
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p21 may also have an active role in promoting myoblast differentiation 
because ectopic expression of the p21 gene in cultured myoblasts can 
increase the expression of muscle-specific genes which leads to the 
differentiation of myoblasts into muscle cells (Skapek et al., 1995). In 
situ hybridization of p21 mRNA in mouse embryos demonstrated that 
production of p21 occurs in the skeletal muscle cells of the developing 
embryos just when those cells begin undergoing terminal 
differentiation. p21 is therefore coexpressed temporally with myogenin 
(Parker et al., 1995). Besides muscle cells, the studies also indicated that 
the p21 gene is also switched on during differentiation of other tissue 
cells, including cartilage, skin and the lining of the nasal passages. 
In cycling fibroblasts, most of the cyclin-dependent kinases (cdk) 
are in a quaternary complex that includes a cdk, a cyclin, the 
proliferation cell nuclear antigen (PCNA) and a p21 (Xiong et al., 1992; 
Zhang et al., 1993). The presence of p21 in active cdk kinase seemed to 
be paradoxical given its inhibitory function, until the observation was 
made that cdk kinases harvested from proliferating fibroblasts can be 
suppressed by addition of more p21 (Zhang et al., 1994). Therefore, 
conversion of active kinases to inactive ones is achieved by changing 
the ratio of p21 to cyclin-cdk, such that inactive cdk kinase contains 
more than one p21, whereas the active complex has only one p21 in it. 
Since active cdk kinase comprises both p21 and PCNA, it seems 
likely that p21 may coordinate with the processes of DNA replication 
and/or repair through its interaction with PCNA. Using an SV40-based 
DNA replication system to study the effect of PCNA on replication, PCNA 
has been shown to be a subunit of DNA polymerase-5 (pol-6). p21 was 
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found to block the ability of PCNA to activate pol 5. p21 interacts 
directly with pol-5 and impedes the processive movement of pol-5 
during the DNA chain elongation without affecting the assembly of the 
PCNA-containing pol-8 holoenzyme (Waga et al.^ 1994), It was 
demonstrated later that the p21 molecule has a distinct binding domain 
for PCNA at its carboxy-terminal and a cdk-inhibitory domain at its 
amino-terminal (Chen et al., 1995). In Xenopus extracts, replication of 
double-stranded DNA templates can be blocked efficiently by addition 
of the cdk-inhibitory domain of p21 (Chen et al., 1995). However, DNA 
synthesis of single-stranded M13 DNA, which represents the elongation 
of preassembled replication forks, is not interrupted. The block of DNA 
replication in Xenopus egg extracts by p21 can be overcome by addition 
of cyclin E or A, but not cdk2 or PCNA (Strausfeld et al., 1994). 
Therefore, cyclin-cdk complexes rather than PCNA are the limiting 
factors and selectively targeted by p21. 
Other Inhibitors of DNA Replication 
In addition to the quiescence-specific and negative regulatory 
proteins described above, several additional proteins have also been 
identified as negative regulators of eukaryotic DNA replication. 
Mutations in the Drosophila maternal genes giant nuclei, {gnu), pan gu 
{png) and plutonium (plu) uncouple DNA replication from mitosis, 
resulting in inappropriate initiation and giant polyploid nuclei (Axton et 
al., 1994; Freeman and Glover, 1987; Shamanski and Orr-Weaver, 1991). 
plutonium (plu) encodes an ankyrin repeat protein of about 20 kDa 
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which negatively regulates S phase during early embryogenesis (Axton 
et al., 1994). Mutation of plu leads to multiple rounds of DNA replication 
without intervening mitoses in early embryos, plu transcripts were 
found to be expressed only in ovary and during the first third of 
embryogenesis (Axton et al., 1994). 
In mammalian cells, the 50 kDa tumor suppressor/developmental 
regulator protein WTl was found to be a inhibitor of T antigen- and 
SV40 origin-dependent replication (Anant et al., 1994). It has been 
suggested that this zinc-finger protein may inhibit SV40 replication by 
binding to the GC box promoter motifs of the SV40 21 bp repeat 
replication auxiliary sequence. 
Oocytes of Xenopus laevis are arrested at the G2/prophase of first 
meiosis. It has been reported that Xenopus oocyte extracts inhibit DNA 
replication of Xenopus sperm chromatin in egg extracts (Zhao and 
Benbow, 1994), and a 245-kDa (p245) metaphase-related inhibitor was 
isolated from Xenopus oocyte extracts which inhibits replication of 
sperm chromatin but not complementary-strand synthesis (Zhao and 
Benbow, submitted for publication). The activity of p24S declined 
gradually during oocyte maturation and was inactivated during M to S 
phase transition in egg extracts. The oocyte protein is likely to be a 
nuclear matrix protein because it binds tenaciously to DNA and is nearly 
insoluble under the conditions employed in the study (Zhao and 
Benbow, submitted for publication). 
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CHAPTER 3. NUCLEAR PROTEINS OF QUffiSCENT 
XENOPUS LAEVIS CELLS INHIBIT DNA REPLICATION 
IN INTACT AND PERMEABILIZED NUCLEI 
A paper published in the Journal of Cell Biology' 
Jing Fang^ ' and Robert M. Benbow^-^-^ ' ® 
Abstract 
Quiescent cells from adult vertebrate liver and contact-inhibited or 
serum-deprived tissue cultures are active metabolically but do not 
carry out nuclear DNA replication and cell division. Replication of intact 
nuclei isolated from either quiescent Xenopus liver or cultured Xenopus 
A6 cells in quiescence was barely detectable in interphase 
extracts of Xenopus laevis eggs, although Xenopus sperm chromatin was 
replicated with ca. 100% efficiency in the same extracts. 
' Reprinted with permission from J. of Cell Biology, 1996, 133, 955-969. 
^ Department of Zoology and Genetics 
' Molecular, Cellular and Developmental Biology Program 
'' Interdepartmental Genetics Major 
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Permeabilization of nuclei from quiescent Xenopus liver or cultured 
Xenopus epithelial A6 cells did not facilitate efficient replication in egg 
extracts. Moreover, replication of Xenopus sperm chromatin in egg 
extracts was strongly inhibited by a soluble extract of isolated Xenopus 
liver nuclei; in contrast, complementary-strand synthesis on single-
stranded DNA templates in egg extracts was not affected. Inhibition was 
specific to endogenous molecules localized preferentially in quiescent as 
opposed to proliferating cell nuclei, and was not due to suppression of 
cdk2 kinase activity. Extracts of Xenopus liver nuclei also inhibited 
growth of sperm nuclei formed in egg extracts. However, the rate and 
extent of decondensation of sperm chromatin in egg extracts were not 
affected. The formation of pre-replication centers detected by anti-RP-A 
antibody was not affected by extracts of liver nuclei, but formation of 
active replication foci was blocked by the same extracts. Inhibition of 
DNA replication was alleviated when liver nuclear extracts were added 
to metaphase egg extracts prior to or immediately after Ca^^ ion-
induced transition to interphase. A plausible interpretation of our data 
is that endogenous inhibitors of DNA replication play an important role 
in establishing and maintaining a quiescent state in Xenopus cells, both 
in vivo and in cultured cells, perhaps by negatively regulating positive 
modulators of the replication machinery. 
5 3  
Introduction 
Virtually all liver cells in adult vertebrates, and contact-inhibited 
and/or serum-deprived cultured cells have exited from the cell cycle 
and entered a quiescent state, GO. Quiescence is a unique phase of cell 
cycle during which no DNA replication takes place (less than 0.2% of 
3 
cells in intact mammalian livers incorporate [ H]-thymidine), yet the 
cells maintain other metabolic and physiological functions (Baserga, 
1985; Pardee, 1989). Entry into, and maintenance of, quiescence are 
postulated to be regulated by the coordination of many quiescence-
specific factors (Rabinovitch and Norwood, 1980; Stein and Yanishevsky, 
1981; Stein and Atkins, 1986; Bedard et al., 1987; Padmanabhan et al., 
1987; Nuell et al., 1991; Del Sal et al., 1992). 
The possible role of negative regulatory molecules in quiescence 
was first raised by studies of cell fusion. Fusion of quiescent human 
fibroblasts with proliferating fibroblasts results in blockage of entry 
into S phase of the proliferating cells if fusion occurs at least 3 h before 
the Gl/S boundary (Rabinovitch and Norwood, 1980; Stein and 
Yanishevsky, 1981). However, ongoing DNA synthesis is not affected in 
heterodikaryons (Stein and Yanishevsky, 1981), suggesting that steps 
leading to initiation of DNA replication may be targets of the negative 
control molecules. It has been suggested that inhibitory genomic DNA 
sequences are preferentially modified (rearrangement, amplification) in 
quiescent cells (Padmanabhan et al., 1987): HeLa cells transfected with 
genomic DNA from quiescent WI-38 human embryo fibroblasts become 
blocked in DNA synthesis (Padmanabhan et al., 1987). Comparison of 
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proteins expressed in quiescent versus proliferating chicken heart 
mesenchymal cells identified a 20-kDa protein expressed specifically in 
the quiescent cells (Bedard et al., 1987), but no evidence was presented 
that directly links this protein to negative regulation of cell 
proliferation. A 34 kDa homeobox protein, Gax, has been cloned from rat 
vascular smooth muscle cells (Gorski et al., 1993). Gax mRNA is down-
regulated in a dose-dependent manner up to 15-fold by mitogen 
stimulation, and down-regulation is correlated with up-regulation of 
DNA synthesis: Gorski and colleagues (Gorski et al., 1993) suggest that 
Gax has a negative regulatory function in GO to G1 transition. Similarly, 
a series of growth arrest-specific genes (gas) have been identified that 
are expressed only in quiescent but not proliferating NIH 3T3 cells 
(Schneider et al., 1988). Ectopic expression of gas 1, which encodes a 
transmembrane protein, leads to inhibition of DNA synthesis in normal 
or transformed NIH 3T3 cells (Del Sal et al., 1992). Another seemingly 
similar negative regulatory protein, GADD 153 (or CHOP), is a 29 kDa 
nuclear protein that also blocks cell growth and DNA replication (Ron 
and Habener, 1992), but GADD 153 is believed to function at the G1 to S 
transition point (Barone et al., 1994). 
Cell-free egg extracts from Xenopus laevis can be used not only to 
study the mechanism of eukaryotic DNA replication, but also the 
molecules that regulate replication during the cell cycle (Benbow and 
Ford, 1975; Lohka and Masui, 1983; Blow and Laskey, 1986; Hutchison 
et al., 1987; Newport, 1987). Egg extracts effectively support both 
complementary-strand synthesis on single-stranded DNA templates and 
replication of Xenopus sperm chromatin or double-stranded DNA 
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templates (Mechali and Harland, 1982; Lohka and Masui, 1983; Blow 
and Laskey, 1986; Hutchison et al., 1987; Newport, 1987). Replication of 
sperm chromatin or double-stranded DNA in egg extracts has been 
successfully used as an assay for endogenous inhibitors of DNA 
replication found in Xenopus oocytes (Zhao and Benbow, 1994), and a 
high molecular protein, p245, that is a cell-cycle-dependent inhibitor of 
chromosomal DNA replication, has been purified to electrophoretic 
homogeneity (Zhao and Benbow, submitted for publication) 
In this study, we show that both intact and permeabilized nuclei 
from quiescent Xenopus cells failed to replicate effectively in egg 
extracts. Replication of Xenopus sperm chromatin in Xenopus egg 
extracts was used as an assay to identify endogenous inhibitors of DNA 
replication found in nuclei of quiescent adult Xenopus liver cells. 
Negative regulation by endogenous inhibitor molecule(s) from quiescent 
cells appeared to control initiation of DNA replication, since these 
inhibitors did not block chain elongation on single-stranded templates. 
Moreover, these inhibitors appear to be specific to quiescent cells, since 
similar nuclear extracts prepared from asynchronous Xenopus cultured 
A6 cells do not block replication of Xenopus sperm chromatin. We 
speculate that the quiescent cell inhibitors may abrogate DNA 
replication in egg extracts by "annulling" positive regulatory molecules. 
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Materials and Methods 
Preparation of Liver Nuclei 
Liver nuclei were prepared by a modification of a previous 
procedure (Blobel and Potter, 1966). Livers were removed from 
decapitated mature male or female frogs and put on ice immediately. 
All subsequent procedures were carried out at 4 °C. Livers were minced 
and washed several times in phosphate buffered saline, pH 7.5 (PBS; 
1.47 mM KH2PO4, 8.1 mM Na2HP04.7H20, 2.68 mM KCl, 137 mM NaCl). 2 
ml of 0.25 M sucrose in nuclear isolation buffer A (NIBA: 5 mM Tris.HCl, 
pH 7.5, 2 mM MgCla, 3.3 mM CaC^, 0.5 mM spermidine, 0.15 mM 
spermine, 0.5 mM PMSF, 1 mM EDTA, 2 mM P-mercaptoethanol, 10 
fig/ml of leupeptin, pepstatin A, and aprotinin) was added per gram of 
liver. The minced tissues were homogenized gently in chilled Dounce 
homogenizer with 4-6 strokes until ~ 30 to 50% of the cells were 
broken. The homogenate was filtered through four layers of cheesecloth. 
2 ml of 2.3 M sucrose in NIBA buffer was added for each ml of 
homogenate. 1 ml of sucrose-homogenate was layered onto a step 
gradient containing 1 ml of 2.5 M sucrose in NIBA buffer overlaid with 
2.5 ml of 2.3 M sucrose in NIBA buffer, and centrifuged at 29,000 rpm 
(100,000 g) in an SW50.1 rotor (Beckman Instruments) for 2 h at 4 ^C. 
Nuclei at the interphase between 2.3 M and 2.5 M sucrose buffer were 
removed, washed three times with nuclear isolation buffer B (NIBB: 50 
mM HEPES-KOH, pH 7.6, 50 mM KCl, 5 mM MgCla, 0.5 mM spermidine, 
0.15 mM spermine, 2 mM P-mercaptoethanol, 10 fig/ml of leupeptin. 
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pepstatin A and aprotinin), and centrifuged at 2500 rpm (1000 g) in an 
HB-4 rotor (Sorvall Instruments) for 10 min at 4 Nuclear pellets 
were suspended in a small volume of NIBB buffer with 5% (v/v) 
glycerol and used immediately. Permeabilized nuclei were obtained by 
treatment with lysolecithin (Sigma) as described previously (Blow and 
Laskey, 1988). To verify permeabilization, nuclei were incubated with 
FITC-dextran (molecular weight 150,000) for 5-10 min (Newmeyer and 
Wilson, 1991) and examined with an Olympus BHS microscope. 
To isolate nuclei for nuclear extracts, a slightly harsher method 
with greater yields was used: 10-14 strokes of the homogenizer until 
about 80% of the cells were broken. Nuclear pellets prepared as above 
were suspended in a small volume of NIBB buffer containing 5% (v/v) 
glycerol and stored at -70 OC until preparation of extracts. 
Preparation of Xenopus Egg Extracts 
Metaphase egg extracts were prepared as described previously 
(Blow, 1993) with modifications. Female Xenopus were injected with 
500-600 lU human chorionic gonadotropin (Sigma). Eggs were collected 
in high salt Barth's solution (15 mM Tris.HCl, pH 7.4, 110 mM NaCl, 2 
mM KCl, 2 mM NaHCOs, 1 mM MgS04, 0.5 mM NazHPOA), and dejellied 
with 2% cysteine HCl, pH 7.8, 2 mM EGTA in high salt Barth's solution. 
Dejellied eggs were washed twice in high salt Barth's solution with 2 
mM EGTA, and then twice with prechilled unactivating extraction buffer 
(50 mM HEPES-KOH, pH 7.6, 50 mM KCl, 5 mM MgCb, 5 mM EGTA, 2 mM 
P-mercaptoethanol). Eggs were packed by centrifuging for 1 min at 
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3,000 rpm (1,500 g) in an HB-4 rotor. Excess buffer was removed, and 
eggs were crushed by centrifuging at 12,000 rpm (24,000 g) for 10 min 
at 4 OC in an HB-4 rotor. The cytoplasmic layer was removed slowly 
using a 3-mI syringe with an 18-gauge needle. Cytochalasin B, 
leupeptin, aprotinin, and pepstatin A were added to the extracts to final 
concentrations of 10 (ig/ml. The extracts were centrifuged at 30,000 
rpm (100,000 g) for 15 min at 4 OC in an SW50.1 rotor. The clear golden 
layer was collected, made 2% glycerol (v/v) and frozen in 15-^1 aliquots 
in liquid nitrogen. 
For preparation of interphase egg extracts, dejellied eggs were 
washed three times in Barth's solution (15 mM Tris.HCl, pH 7.4, 88 mM 
NaCl, 2 mM KCl, 1 mM MgCb, 0.5 mM CaCl2), activated for 5 min with 0.5 
^g/ml calcium ionophore at room temperature and washed four times in 
extraction buffer (50 mM HEPES-KOH, pH 7.6, 50 mM KCl, 5 mM MgClj, 2 
mM p-mercaptoethanol) at 4 ^C. All further steps were the same as for 
metaphase extracts except the second high speed centrifugation was in 
an SW50.1 rotor at 15,000 rpm (10,000 g) for 15 min. 
In vitro DNA Replication Assay 
After thawing at room temperature, interphase egg extracts were 
supplemented with extract dilution buffer (50 mM HEPES-KOH, pH 7.6, 
50 mM KCl, 5 mM MgCh, 2 mM p-mercaptoethanol, 10 ^g/ml of 
leupeptin, pepstatin A and aprotinin, 270 mM creatine phosphate, 13.5 
mM ATP, 1 mg/ml creatine phosphokinase) to 15% by volume (Blow, 
1993). 250 Jig/ml cycloheximide was added to ensure only one round of 
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DNA replication during incubation (Blow, 1993). Unless otherwise 
specified, each reaction contains 30 of egg extracts, 0.15 ^g Xenopus 
sperm chromatin or other DNA templates, 5 (il liver nuclear extracts or 
NIBB buffer as control, 2 nCi [a-'^P]dATP (NEN/Du Pont Company, 
Boston, MA). Assays were carried out at room temperature for the 
indicated time and terminated with stop solution (Zhao and Benbow, 
1994). Samples were digested with proteinase K (0.5 mg/ml) for 1 h at 
37 OC and electrophoresed on 0.8% agarose gels. After electrophoresis, 
the gels were dried and radioactivity was quantitated using a Molecular 
Dynamics Phosphorlmager. Two bands were usually observed for 
replicated nuclear chromatin on an agarose gel; the upper band 
corresponds to DNA presumably complexed with proteins that remains 
at the origin of gel; the lower band represents DNA that migrated into 
the gel. DNA replication was measured as incorporation of [^^P]dAMP 
into high molecular weight species (Zhao and Benbow, 1994). 
Inhibition of DNA replication was calculated as a percentage of 
control DNA synthesis, that is [^^P]dAMP incorporation in the presence 
of Xenopus liver nuclear extracts divided by that with NIBB buffer 
containing 5% (v/v) glycerol [DNA synthesis (% control)]. Synthesized 
DNA and percentage of input DNA replicated were quantitated by the 
method described previously assuming that the dATP pool in egg 
extracts was 50 fiM (Blow and Laskey, 1986). 
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Preparation of Extracts of Xenopus Liver Nuclei 
To make extracts, nuclei were thawed, sonicated for 5 sec, and 
chilled on ice for 10 sec. The sonication-chilling cycle was repeated eight 
times and the sonicate was centrifuged at 16,000 g for 20 min. The 
protein concentration of the supernatant was adjusted to 1 mg/ml 
measured by the Bradford assay using bovine plasma yglo^ulin (Bio-
Rad Laboratories, Hercules, CA) as standard, and stored in aliquots at -
70 OC. 
Nuclear extracts of liver cells were also prepared by the method 
of Gorski and colleagues (Gorski et al., 1986). In this method, extracts 
were made by nuclear lysis and ammonium sulfate precipitation of 
nuclear proteins. Extracts made by this method also inhibited 
replication of sperm chromatin, but less than those prepared by 
sonication. The data in this study were all obtained using sonicated 
extracts. 
Cell Culture and Preparation of Nuclei and Nuclear Extracts 
from Xenopus A6 Cells 
Xenopus epithelial A6 cells (kindly provided by Dr. K. Harkin, Cell 
and Hybridoma Facility, Iowa State University) were grown in modified 
L-IS medium supplemented with 10% fetal bovine serum (Smith and 
Tata, 1991). A quiescent state was induced by growing cells in modified 
L-15 medium supplemented with 0.5% fetal bovine serum for the 
indicated times after the cells had become confluent. 
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Intact nuclei of Xenopus A6 cells were prepared according to the 
method described by Leno and colleagues (Leno et al., 1992). Cells were 
suspended at concentration of 5 x 10^ cells/ml in pre-chilled PIPES 
buffer (50 mM PIPES, pH 7.0, 50 mM KCl, 5 mM MgCb, 2 mM EGTA) 
with 1 ^g/ml of leupeptin, pepstatin, aprotinin and 1 mM dithiothreitol, 
and mixed with an equal volume of PIPES buffer containing 1.5 lU/ml 
streptolysin-O (SLO, Sigma Chemical Co.). After incubating 30 min on ice, 
cells were centrifuged at 0 °C and washed twice with PIPES buffer. Cell 
pellets were resuspended in 1 ml of PIPES buffer and incubated for 5 
min at 37 °C. Permeabilized nuclei were obtained by treatment with 
lysolecithin as described previously (Blow and Laskey, 1988), and 
verified as above. 
To make extracts of nuclei of cycling or quiescent Xenopus A6 
cultures, cells were removed by scraping, and washed twice with PBS 
buffer. Cell pellets were suspended in prechilled hypotonic buffer (10 
mM Tris.HCl, pH 7.4, 10 mM NaCl, 1.5 mM MgCl2) and incubated on ice 
for 15 min. The cell suspension was homogenized with 8-10 strokes in a 
Dounce homogenizer, and made 0.25 M sucrose, 0.15 mM spermine, 0.5 
mM spermidine, 2 mM P-mercaptoethanol, 0.5 mM PMSF, 1 mM EDTA, 
10 M.g/ml each of leupeptin, pepstatin A and aprotinin. Nuclei from 
Xenopus A6 cells were then isolated as described above, extracts 
prepared by sonication and stored in aliquots at -70 °C. 
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Flow Cytometry 
Xenopus A6 cells were trypsinized and washed three times in PBS. 
1 ml of cold ethanol was added to each 1 x 10^ cells/ml and samples 
were left at 4 °C overnight. The fixed cells were centrifuged and stained 
by hypotonic lysis in 1 ml of staining solution (50 ^g/ml of propidium 
iodide, 0.1 mg/ml RNAse A in 0.1% NP40 and 0.1% trisodium citrate) for 
20 min at 4 °C. Fluorescence was measured using an EPICS XL flow 
cytometer (Coulter) and DNA histograms were produced from listmode 
data using Elite software and analyzed using Multi-Cycle software 
(Phoenix Flow System, CA). 
3 
H-Thymidine Uptake in Xenopus A6 Cells 
Xenopus A6 cells in one 100-mm petri dish were incubated with 
20 ^iCi [methyl, 1, 2, ^H] thymidine (3,000 Ci/mmol; NEN/Du Pont 
Company) for 1 h. After rinsing with PBS, cells were centrifuged and 
frozen. Cell pellets were vortexed in 0.5 ml of 0.3 M NaOH. After 
incubating on ice for 15 min, cells were added with an equal volume of 
20% trichloracetic acid (TCA) and incubated on ice for another 15 min. 
The extracts were filtered through Whatman GF/A glass filters. Dried 
filters were quantitated in Scintiverse (Fisher Scientific) using an LKB 
1218 Rackbeta liquid scintillation counter. 
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Proteolytic Treatment of Nuclei 
Permeabilized nuclei (~ 1 x 10^) were incubated with 2.5 ml of 10 
|ig/ml trypsin in PBS for 5 min at room temperature. Reactions were 
stopped by adding an equal volume of PBS with 20% newborn bovine 
serum. The resulting nuclei were centrifuged at 1000 g at 0 ®C for 10 
min and washed twice with PBS containing 10 fig/ml leupeptin, 
pepstatin and aprotinin, 1 mM PMSF. Nuclear pellets were resuspended 
in NIBB buffer to 2 xlOVml. 
Preparation of Xenopus Sperm Nuclei and ^H-labeled 
Bacteriophage Lambda DNA 
Xenopus sperm chromatin was prepared by a previous method 
(Blow and Laskey, 1986). Single-stranded (ss) Ml3 DNA was purchased 
from GIBCO BRL (Grand Island, NY). Bacteriophage lambda DNA was 
prepared from strain "K CI857R amSh (a gift from Dr. P. A. Pattee, 
Department of Microbiology, Iowa State University) according to the 
method described by Sambrook and colleagues (Sambrook et al., 1989) 
with addition of ^H-thymidine (NEN/Du Pont) to 5 mCi/ml during 
thermal induction. 
Trichloroacetic Acid Precipitation of H-labeled Lambda Phage 
DNA 
After incubation of the ^H-labeled lambda phage DNA in egg 
extracts with Xenopus liver nuclear extracts or NIBB buffer, the samples 
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were treated with 0.5 mg/ml proteinase K (Hutchison et al., 1987; Zhao 
and Benbow, 1994). Acid-insoluble ^H-labeled DNA was precipitated 
with 5% trichloroacetic acid, collected on Whatman 934-AH filters, 
dried, and radioactivity on the filters quantitated in Scintiverse using an 
LKB 1218 Rackbeta liquid scintillation counter. 
Glycerol Gradient Sedimentation 
Duplicate 4.8-ml 15-30% (v/v) linear glycerol gradients were 
made with buffer containing 50 mM Tris.HCl, pH 7.5, 200 mM KCl, 2 mM 
P-mercaptoethanol, 1 mM EDTA, 10 fig/ml of leupeptin, pepstatin A and 
aprotinin. After being equilibrated at 4 for 10 h, gradients were 
overlaid with 200 p.1 of Xenopus liver nuclear extract or standard 
proteins respectively. Bovine liver catalase (11.3 S), rabbit muscle 
aldolase (7.4 S), bovine serum albumin (BSA, 4.22 S), and cytochrome c 
from horse heart (1.9 S) were used as standard proteins. Gradients were 
centrifuged in an SW50.1 rotor at 40,000 rpm (200,000 g) for 24 h at 3 
^C. Gradients were fractionated from bottom to top and 35 fractions 
were collected. 
Immunoprecipitation and Cdk2 Kinase Assay 
Xenopus egg extracts were mixed with either liver nuclear 
extracts or NIBB buffer as described above, incubated at room 
temperature for 30 min, then precleared with non-specific rabbit 
polyclonal IgG for 1 h at 4 ^c. 1 ^g of anti-cdk2 antibody (Santa Cruz 
Biotechnology) and 15 fil of suspended agarose-protein A solution 
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(Santa Cruz Biotechnology) were added to the precleared samples. 
Immunoprecipitation was carried out at 4 overnight with constant 
shaking. Agarose beads were washed four times with RIPA buffer (50 
mM Tris.HCl, pH 7.5, 1% deoxycholate, 1% Triton X-100, 0.1% sodium 
dodecyl sulfate, 1 mM sodium pyrophosphate) and four times with 
reaction buffer (20 mM Tris.HCl, pH 7.5, 4 mM MgC^) (Dulic et al., 
1992). The beads were then mixed with 30 ^1 of reaction buffer 
containing 5 jig histone HI (GIBCO BRL) and 5 jiCi [y-^^P]ATP 
(NEN/DuPont). After incubation at 30OC for 30 min, the reaction was 
stopped by adding two-fold concentrated Laemmli gel sample buffer 
(Laemmli, 1970). Proteins were separated by 12% SDS-PAGE 
electrophoresis. Histone HI was visualized by Coomassie blue staining 
and the gel was fixed (10% acetic acid, 20% methanol), dried and 
analyzed with a Molecular Dynamics Phosphorlmager. 
Phase-Contrast Microscopy of Nuclei 
Nuclei formed in egg extracts or high speed supernatant prepared 
as previously described (Zhao and Benbow, 1994) were examined and 
photographed under an Olympus BHS microscope. 
Chromatin Decondensation 
Interphase egg extracts were centrifuged at 30,000 rpm (100,000 
g) for 1 h at 4 oc in an SW50.1 rotor and the transparent layer (cytosol) 
was collected, mixed with 7% glycerol (v/v), and frozen in 15-nl aliquots 
in liquid nitrogen. Xenopus sperm chromatin was incubated with the 
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cytosol supplemented with an energy-regenerating system (40 mM 
creatine phosphate, 2 mM ATP, 150 ^g/ml creatine phosphokinase) at 
room temperature for the indicated times. 
Indirect Immunofluorescence of RP-A and Fluorescence 
Detection of Replicating DNA in vitro 
For immunofluorescent staining of RP-A, 40,000 demembranated 
Xenopus sperm nuclei were incubated with 30 ^1 cytosol of interphase 
Xenopus egg extracts for the indicated time. Decondensed sperm 
chromatin was fixed with 1 mM EGS (ethylene glycobis-
[succinimidylsuccinate]) (Pierce Company) for 30 min at 37 ®C. After 
fixation, sperm nuclei were centrifuged onto coverslips and treated with 
0.25% Triton X-100 for 5 min at room temperature. The coverslips were 
washed, stained with 1:200 diluted rabbit anti-RP-A-antibody (a 
generous gift from Dr. J. Newport), washed, and stained with 
fluorescein-conjugated goat anti-rabbit antibody. Staining was for 1 h, 
followed by 3 X 5 min washes with PBS. 
To study DNA synthesis in situ in nuclei in egg extracts, 0.15 ^g 
sperm chromatin was incubated with 30 ^1 interphase egg extracts 
which had been supplemented with extract dilution buffer. 30 (iM 
biotin-ll-dUTP (Sigma) was added to egg extracts after 45 min 
incubation and pulse-labeled for 3 min. The nuclei were fixed with EGS, 
centrifuged onto coverslip and treated with Triton X-100 as described 
above. Coverslips were stained with 200 fil staining solution containing 
10 p.1 of fluorescein-streptavidin (Amersham), 1 |xg/ml Hoechst 33258 
6 7  
and 15 M.g/ml RNAse. After incubation for 30 min at room temperature, 
the samples were washed 4 times with PBS buffer. 
The coverslips prepared above were loaded onto glass slides with 
loading buffer (95% glycerol, 2.5% diazabicyclo [2,2,2] octane in PBS), 
and examined under either an Olympus BHS microscope or an Odyssey 
Real Time Laser Scanning confocal system. 
Results 
Nuclei from Quiescent Xenopus Cells did not Replicate in 
Xenopus Egg Extracts 
When Xenopus sperm chromatin is added to Xenopus egg extracts, 
DNA replication ensues rapidly and efficiently after formation of 
nuclear envelopes around decondensed sperm chromatin (Lohka and 
Masui, 1983; Blow and Laskey, 1986; Hutchison et al., 1987; Newport, 
1987). Intact G1-phase nuclei of HeLa cells are also capable of 
replicating in egg extracts (Leno et al., 1992). However, intact G2-phase 
nuclei of HeLa cells (Leno et al., 1992) and intact GO-phase (quiescent) 
nuclei of mouse BALB/c 3T3 cells (Leno and Munshi, 1994) have been 
reported not to undergo DNA replication unless the nuclei are 
permeabilized. It should be noted that this system is heterologous, 
involving mammalian cell nuclei in Xenopus extracts. 
To study GO phase arrest and GO to G1 phase transition, we first 
investigated the potential of quiescent Xenopus liver nuclei to replicate 
in Xenopus egg extracts. The integrity of each preparation of isolated 
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liver nuclei was examined by exclusion of FITC-dextran, and only those 
> 80% intact were used (Fig. 1 A). As shown in Fig. 1 B, (compare column 
1, control Xenopus sperm chromatin, versus 2, an equivalent amount of 
intact Xenopus liver nuclei), only about 6% of DNA in intact liver nuclei 
was replicated in egg extracts compared with ca. 100% replication of 
sperm nuclei. We also examined replication of liver nuclei that had been 
permeabilized by treatment with lysolecithin (Fig. 1 A). The efficiency 
of replication in permeabilized liver nuclei was marginally increased, 
and ca. 15% of the DNA ultimately was replicated (Fig. IB, column 3). 
Therefore, neither intact nor permeabilized quiescent Xenopus liver 
nuclei were replicated efficiently in Xenopus egg extracts. 
To investigate whether nuclei of cultured Xenopus cells in 
quiescence can be induced to replicate, quiescent Xenopus A6 cells were 
generated after confluence by incubation in media containing 0.5% fetal 
bovine serum. Analysis by flow cytometry established that 92% of the 
cell population had entered GO phase by day 7 of serum starvation (Fig. 
2 A). 'H thymidine uptake confirmed that the quiescent A6 cells were 
not synthesizing DNA (Fig. 2 A). To prepare intact nuclei, quiescent A6 
cells were harvested at day 7 or day 14 of serum starvation, and the 
plasma membranes of the cells were permeabilized by the bacterial 
exotoxin, SLO (Leno et al., 1992). The integrity of the nuclear membrane 
was verified by FITC-dextran exclusion: as shown in Fig. 2 B, SLO-
treated cells exhibited bright cytoplasmic staining and little or no 
nuclear fluorescence. Only 4% of intact quiescent A6 nuclei were 
replicated in egg extracts (Fig. 2 C). In quiescent A6 nuclei 
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permeabilized by lysolecithin, only 10 to 20% of nuclei were replicated 
in egg extracts (Fig. 2C). 
Since Xenopus egg extracts contain everything necessary for 
naked DNA to form a nucleus competent for DNA replication, and since 
permeabilized GO phase nuclei from mouse BALB/c 3T3 cells are 
replicated in these extracts, it seemed likely that species-specific 
proteins in the quiescent Xenopus nuclei are responsible for the 
inability of nuclei from quiescent Xenopus cells to replicate. To examine 
this possibility, permeabilized nuclei from quiescent Xenopus cells were 
treated with trypsin (Coppock et al., 1989), and incubated in egg 
extracts. After trypsin treatment, approximately 80% of both liver 
nuclei and quiescent A6 nuclei regained the ability to replicate in egg 
extracts (Fig. 2 D). 
Replication of Xenopus Sperm Chromatin in Egg Extracts was 
Inhibited by Extracts of Adult Xenopus Liver Nuclei 
If inhibition of replication of intact or permeabilized nuclei from 
quiescent Xenopus cells was due to inhibitors specific to quiescent cells, 
it is likely that the inhibitors might suppress positive modulators of the 
replication machinery in Xenopus egg extracts. To investigate this 
possibility, extracts of quiescent Xenopus nuclei were prepared. As 
shown in Figs. 3 A and B, replication of Xenopus sperm chromatin was 
strikingly inhibited when extracts of nuclei from quiescent liver cells 
were added to the egg extracts 
Since nuclei from GO cells require longer to enter S phase than G1 
nuclei (Baserga, 1985; Rossini et al., 1988; Owen et al., 1990), it is 
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possible that the inhibition of DNA replication may be due to a delay in 
onset of replication rather than bona fide inhibition. To investigate this 
possibility, extracts of liver nuclei and sperm chromatin were incubated 
in egg extracts for up to 6 h. Inhibition of DNA replication by extracts of 
Xenopus liver nuclei persisted at about the same level throughout the 6 
h incubation (Fig. 3 C). 
If quiescent cell nuclei contain endogenous inhibitors, the 
inhibitory activity may be absent from proliferating cells. In support of 
this possibility, nuclear extracts from exponentially growing Xenopus 
A6 cells were shown not to inhibit replication of Xenopus sperm 
chromatin in egg extracts (Fig. 3 D). In contrast, nuclear extracts of 
quiescent A6 cells showed inhibition of replication, although the level 
was less than that observed with extracts of Xenopus liver nuclei (Fig. 3 
D). Because inhibition of replication by extracts of Xenopus liver nuclei 
was more dramatic, and because it is far easier and cheaper to obtain 
large quantities of liver cells, we focused on the endogenous inhibitor(s) 
in Xenopus liver nuclei. 
Complementary-Strand Synthesis on Single-Stranded DNA 
Templates in Egg Extracts was not Inhibited by Extracts of 
Xenopus Liver Nuclei 
Two steps in the replication of Xenopus sperm chromatin in egg 
extracts have been identified; initiation on duplex DNA and subsequent 
chain elongation (Blow and Laskey, 1986; Hutchison et al., 1988; 
Benbow et al., 1992). When single-stranded (ss) M13 DNA is added to 
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egg extracts, efHcient priming and elongation of nascent DNA chains 
occurs without any requirement for initiation as defined above (Mechali 
and Harland, 1982; Zhao and Benbow, 1994). To investigate whether the 
endogenous inhibitors in Xenopus liver nuclei inhibited chain 
elongation, their effect on DNA synthesis on ss M13 DNA templates was 
examined. Complementary strand synthesis was not inhibited by 
addition of extracts of Xenopus liver nuclei (Fig. 4). This result also 
minimizes the possibility that the observed inhibition is caused by 
degradation of DNA templates in extracts of Xenopus liver nuclei. 
Properties of the Inhibitors from Xenopus Liver Nuclei 
The sensitivity of inhibition of DNA replication to trypsin (Fig. 2 D 
above) raised the possibility that the inhibitors might be proteins. 
Moreover, extracts of Xenopus liver nuclei prepared in the absence of 
protease inhibitors show much less inhibition (data not shown). 
Inhibition was also diminished if the nuclear extracts were subject to 
frequent freeze-thaw cycles. The inhibitory effect of extracts of Xenopus 
liver nuclei on DNA replication was lost after heating (Fig. 5 A), and 
inhibition of DNA replication was concentration-dependent (Fig. 5 B). 
Although the efficient DNA synthesis on ss M13 DNA templates in 
presence of the nuclear extracts makes it unlikely that the DNA 
templates are degraded (which would cause apparent inhibition), to 
3 
directly examine this possibility we incubated H-labeled bacteriophage 
X DNA with egg extracts to which extracts of liver nuclei had been 
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added. The input ^H-labeled X DNA was not detectably degraded in 2 h 
at room temperature (Fig. 5 C). 
The size of the inhibitor(s) in extracts of Xenopus liver nuclei was 
examined by glycerol gradient sedimentation to ask whether one or 
more endogenous quiescent cell-specific molecule(s) was involved in the 
inhibition we observed. Two sizes of macromolecules, with 
sedimentation coefficients of ca. 10.7 S and 4.1 S respectively (Fig. 6), 
were found to inhibit replication of sperm chromatin in egg extracts, 
and in addition, both resulted in similar abnormal nuclear morphology 
(as shown in Fig. 8 below). 
Inhibition of cdk;2 Activity was not Observed in Egg Extracts 
Mixed with Extracts of Xenopus Liver Nuclei 
Cyclin-dependent kinases (cdks) play a key role for cells at every 
checkpoint of the cell cycle (reviewed by Morgan, 1995). Among these, 
cdk2 is critical during Gl-S phase transition and S phase in mammalian 
cells (Dulic et al., 1992; Pagano et al., 1992). In Xenopus egg extracts, 
depletion of cdk2 prevents Xenopus sperm chromatin from being 
replicated (Fang and Newport, 1991). Recently, several small proteins 
have been found to be negative regulators of cdk kinases (reviewed by 
Morgan, 1995). One of these, p21, has been shown to inhibit DNA 
replication by inhibiting both cdk2 kinase and PCNA-dependent DNA 
polymerase 5 (Adachi and Laemmli, 1994; Waga et al., 1994; Yan and 
Newport, 1995a). 
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To investigate the possibility that the inhibition we observed may 
be due to cdk2 inhibitors like p21, a mixture of interphase egg extracts 
and extracts of liver nuclei was incubated for 30 min at room 
temperature. After incubation, cdk2 kinase was immunoprecipitated 
from the mixture, and its activity was measured by its ability to 
phosphorylate histone HI. As shown in Fig. 7, inhibition of cdk2 kinase 
activity was not detected. 
Extracts of Xenopus Liver Nuclei Caused Morphological 
Changes in Nuclei Formed in Interphase Egg Extracts 
When Xenopus sperm chromatin is added to interphase egg 
extracts, decondensation is observed within minutes. Nuclear envelopes 
are formed around the decondensed chromatin by about 30 min 
(Newport, 1987; Blow, 1993), and an intact nuclear envelope is essential 
for DNA replication in egg extracts (Cox, 1992). Conversely, aberrant 
DNA replication is often accompanied by abnormal nuclear morphology 
(Blow, 1993; Kombluth et al., 1994; Zhao and Benbow, 1994), 
We investigated the effect of extracts of Xenopus liver nuclei on 
the morphology of nuclei formed in egg extracts: extracts of liver nuclei 
did not affect formation of nuclear envelope around sperm chromatin 
(Fig. 8 A). However, the subsequent growth of nuclei in egg extracts was 
greatly diminished in comparison with control nuclei (Fig. 8 A). After 60 
min incubation in egg extracts, chromatin inside the nuclei were shown 
to be more condensed in presence of extracts of liver nuclei than that in 
the control egg extracts (Fig. 8 A). Heated extracts of liver nuclei (Fig. 5 
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A) did not have any effect on the morphology of sperm nuclei in egg 
extracts. 
Inhibitors in Xenopus Liver Nuclei do not Block DNA 
Decondensation in Cytosol of Egg Extracts 
Two stages of chromatin decondensation are observed after 
Xenopus sperm chromatin is added to cytosol of interphase egg extracts 
from which nuclear membrane vesicles have been depleted (Kornbluth 
et al., 1994). Initial decondensation occurs within 5 min and is mainly 
due to removal of protamines and assembly of histones H2A and H2B on 
sperm chromatin by nucleoplasmin (Philpott et al., 1991). The second 
stage of decondensation is slow and persists for 30 min (Kornbluth et 
al., 1994). Because chromatin decondensation inside nuclei in egg 
extracts might play a role in growth of nuclei formed in egg extracts, 
and that process seems to be especially related to the second stage of 
decondensation (Kornbluth et al., 1994), chromatin decondensation in 
cytosol of egg extracts was examined. As shown in Fig. 8 B, extracts of 
liver nuclei did not interfere with either the rate or extent of sperm 
chromatin decondensation in the cytosol of egg extracts, suggesting that 
the early block in nuclear growth observed in the presence of liver 
nuclear extracts (Fig. 8 A) was not likely to be the result of abnormal 
decondensation of sperm chromatin. 
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Formation of Replication Foci but not Pre-Replication Centers 
was Inhibited by Extracts of Xenopus Liver Nuclei 
Replication protein A (RP-A), which was originally identiHed in a 
mammalian cell-SV40 DNA replication system, has been shown to be an 
essential factor for DNA replication (Fairman and Stillman, 1988; Wold 
and Kelly, 1988). Using anti-RP-A antibody, discrete pre-replication 
centers (RP-A foci) have been identified either in newly formed sperm 
nuclei in egg extracts or in decondensed sperm chromatin in cytosol of 
egg extracts (Adachi and Laemmli, 1992; Adachi and Laemmli, 1994; 
Yan and Newport, 1995a; Yan and Newport, 1995b). It has been 
suggested that these pre-replication centers (RP-A foci) are the 
precursors of replication centers which are identified by fluorescent 
labeling of dUMP incorporation into nascent DNA (Adachi and Laemmli, 
1994; Yan and Newport, 1995a). 
Since formation of pre-replication centers and replication foci are 
both required for initiation of DNA replication, either step (or both) 
could be blocked by the inhibitors in extracts of Xenopus liver nuclei. To 
examine the first possibility, sperm chromatin was added to cytosol of 
interphase egg extracts in presence of extracts of liver nuclei and 
incubated for 60 min before being fixed and stained with anti-RP-A 
antibody. As seen in Fig 9 A, formation of pre-replication (RP-A foci) 
centers was not inhibited by extracts of Xenopus liver nuclei. Inhibition 
of DNA replication by the extracts was, therefore, not caused by 
interference with the formation of pre-replication foci. 
In order to examine the effect of the putative inhibitors on 
formation of active DNA replication centers, sperm chromatin was 
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incubated in egg extracts with extracts of liver nuclei for 45 min and 
pulse-labeled with biotin-dUTP before being Hxed and stained with 
fluorescein-streptavidin. Fig. 9 B shows that incorporation of dUMPs at 
replication foci in sperm nuclei was blocked by the extracts. Therefore, 
the inhibitors appear to function, at least in part, by inhibiting 
formation of functional replication centers. 
Inhibition of DNA Replication by Inhibitors in Xenopus Liver 
Nuclei was Alleviated during Transition of Egg Extracts from 
Metaphase to Interphase 
If quiescence-specific inhibitors are present in liver cells (which 
are not terminally differentiated), these inhibitors may be inactivated 
prior to S phase once the cells are stimulated to re-enter the cell cycle. 
To examine this possibility, we prepared metaphase egg extracts from 
unactivated eggs in presence of EGTA (Lohka and Masui, 1984). 
Metaphase egg extracts contain high levels of cytostatic factor (CSF) and 
maturation promoting factor (MPF) (for review see Lewin, 1990). 
Addition of ions to metaphase egg extracts triggers the inactivation 
of CSF and MPF, releasing the metaphase egg extracts to interphase, 
thus making them competent for DNA replication (Lohka and Masui, 
1984; Lohka and Mailer, 1985; Blow and Nurse, 1990). 
Extracts of Xenopus liver nuclei were added to egg extracts either 
before or after transition from metaphase to interphase, and replication 
of sperm chromatin was examined. As shown in Figs. 10 A and B, 
inhibition by extracts of Xenopus liver nuclei was relieved if they were 
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added to metaphase egg extracts either 5 min prior to or 5 min after 
addition of Ca*^*^ ions. However, nuclear extracts inhibited DNA 
replication when they were added 40 min after addition of Ca*^*^ ions 
(that is, when metaphase egg extracts had been completely released to 
interphase). Thus, the inhibitors in Xenopus liver nuclei are negatively 
regulated during transition of egg extracts from metaphase to 
interphase. 
If the inhibitors are cell-cycle regulated and suppressed during 
metaphase to interphase transition of egg extracts, quiescent Xenopus 
nuclei should be able to regain replication competence after addition of 
Ca*^*^ ions. To examine this possibility, permeabilized quiescent nuclei 
were incubated in either interphase or metaphase egg extracts, and Ca"^*^ 
ions were then added to metaphase egg extracts. As shown in Fig. 10 C, 
both in vivo Xenopus liver nuclei and cultured quiescent Xenopus A6 
nuclei became replication competent after metaphase to interphase 
transition in egg extracts whereas replication of quiescent nuclei in 
interphase egg extracts remained blocked. 
Discussion 
Do Nuclei of Quiescent Xenopus Cells Replicate Efficiently in 
Xenopus Egg Extracts? 
Using cell-free extracts of Xenopus laevis eggs, we have 
investigated the ability of intact nuclei isolated from quiescent Xenopus 
liver cells to replicate in egg extracts, and found that they do not. In 
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addition, although, permeabilization of nuclei from quiescent BALB/c 
3T3 cells resulted in efficient replication (Leno and Munshi, 1994), 
permeabilized Xenopus liver nuclei failed to replicate efficiently in egg 
extracts during 6 h of incubation. It should be noted that efficient 
replication of nuclei isolated from livers of young (ca. 6 months) 
Xenopus in egg extracts and extracts of other proliferating cells has 
been reported previously (Benbow and Ford, 1975; Jazwinski et al., 
1976; Horos et al., 1978). In the Leno and Munshi (1994) study, only ~ 
13% to 26% of intact quiescent 3T3 nuclei replicated in Xenopus egg 
extracts during 6 h incubation. Once the nuclear membrane was 
permeabilized, nearly 100% of quiescent 3T3 nuclei were replicated in 
egg extracts. One explanation they proposed for these results is the lack 
of "replication licensing factor" in quiescent nuclei. Resealing of 
permeabilized quiescent 3T3 nuclei prevented the nuclei from being 
replicated in egg extracts (Leno and Munshi, 1994). 
To understand better the difference between quiescent Xenopus 
nuclei and quiescent mouse 3T3 nuclei in their ability to replicate in egg 
extracts, we examined quiescent nuclei isolated from cultured Xenopus 
A6 cells at day 7- or day 14 of quiescence, and found that both intact 
and permeabilized quiescent A6 nuclei did not replicate efficiently in 
Xenopus egg extracts. In contrast, control permeabilized nuclei from 
mammalian (rat) quiescent cells did replicate in the same egg extracts 
(data not shown), confirming the results of Leno and Munshi (1994) 
using permeabilized nuclei from quiescent (mouse 3T3) cells. It is 
reasonable to conclude that species-specific quiescence inhibitors may 
be responsible for at least part of the inhibition observed in Xenopus 
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quiescent cell nuclei in our study. However, since extracts of rat liver 
nuclei induce slight to moderate inhibition of replication of sperm 
chromatin in egg extracts, it is also possible that there are non-specific 
inhibitors as well. In the case of quiescent 3T3 cells, lack of essential 
replication factors may account for the failure of intact quiescent nuclei 
to replicate in egg extracts. After permeabilization of the nuclear 
membrane, mouse quiescence inhibitors might be unable to efficiently 
block the positive Xenopus replication factors in egg extracts which 
initiate DNA replication in 3T3 nuclei. Similar results have been 
obtained previously using quiescent Xenopus erythrocytes (Coppock et 
al., 1989): permeabilized Xenopus erythrocyte nuclei did not replicate in 
egg extracts unless they had been treated with trypsin. However, 
permeabilized quiescent erythrocyte nuclei isolated from chicken 
replicated efficiently in Xenopus egg extracts (Leno and Laskey, 1991). 
This further confirms some species-specificity in the regulation of 
quiescence in different organisms. Our results also show that ~ 80% of 
trypsin-treated nuclei of Xenopus quiescent cells subsequently 
replicated in egg extracts, which is consistent with the existence of 
inhibitors within quiescent Xenopus nuclei. 
Do Nuclei of Quiescent Xenopus Cells Contain Negative 
Regulatory Molecules? 
Since nuclei in GO, G1 and G2 phases of cell cycle, including those 
isolated from different organisms, replicate efficiently in Xenopus egg 
extracts, either before or after permeabilization depending on the phase 
of the cell cycle, one possible explanation for the failure of both in vivo 
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and cultured quiescent Xenopus nuclei to replicate in Xenopus egg 
extracts is that they may be specifically blocked from replicating their 
DNA by endogenous negative modulators that accumulate during 
prolonged quiescence. To explore this possibility, we tested whether 
replication of Xenopus sperm chromatin in egg extracts was inhibited by 
extracts of quiescent Xenopus nuclei. Efficient inhibition of DNA 
replication in egg extracts was observed with addition of extracts of 
Xenopus liver nuclei which persisted throughout 6 h incubation. Similar 
extracts prepared from quiescent Xenopus A6 nuclei showed moderate 
inhibition of replication, but nuclear extracts from asynchronously 
growing Xenopus A6 cells did not show inhibition. This suggests that the 
inhibitors found in quiescent Xenopus nuclei may be not expressed, or 
may be modified or inactivated in proliferating cells. The different 
degree of inhibition of DNA replication by extracts of Xenopus liver 
nuclei and quiescent A6 nuclei may be explained by various stages of 
quiescence. When WI-38 cells are quiescent for more than three 
months, they enter a "deep" GO state characterized by a prolonged pre-
replicative phase and specific biochemical changes compared with 
"early" quiescence (Rossini et al., 1988; Owen et al., 1990). The nuclei of 
quiescent cultured A6 cells were probably in "early" quiescence (only 
up to 14 days contact inhibition and serum deprivation), and there may 
be qualitative or quantitative differences in the factors that block DNA 
replication in quiescent A6 cells versus the ordinarily permanent block 
in adult Xenopus liver cells. 
Complementary-strand synthesis on single-stranded DNA in egg 
extracts is a measure of chain elongation—priming and synthesis by 
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DNA polymerase a primase (Mechali and Harland, 1982), probably 
augmented by synthesis catalyzed by DNA polymerases 5 and e on the 
primed templates. In our study, complementary-strand synthesis on 
single-stranded DNA was blocked by aphidicolin (data not shown) but 
not affected by extracts of Xenopus liver nuclei (Fig. 4). This is 
consistent with cell fusion studies that show fusion of a quiescent cell 
with an S phase cell does not affect DNA synthesis by the latter (Stein 
and Yanishevsky, 1981) and, therefore, that the contents of a quiescent 
cell do not inhibit ongoing chain elongation. In contrast, fusion of a 
quiescent cell with a proliferating cell several hours prior to S phase 
usually results in the failure of the latter to enter S phase (Rabinovitch 
and Norwood, 1980; Stein and Yanishevsky, 1981). This may be 
interpreted to mean that the quiescent cell is blocked at some step in 
initiation of DNA replication. In Xenopus egg extracts, replication of 
sperm chromatin or double-stranded DNA templates is a measure of 
initiation. The results in Figs. 1, 2, and 3 are thus consistent with the cell 
fusion studies, and imply that initiation of DNA replication in egg 
extracts is perturbed by inhibitors in Xenopus nuclei isolated from 
quiescent cells, but chain elongation is not (Fig. 4) 
Effect of the Inhibitors on Nuclear Morphology 
Initiation of DNA replication is a complicated process involving 
coordination of many events and factors (reviewed by Newport, 1987; 
Benbow et al., 1992; Coverley and Laskey, 1994). The morphology of 
sperm nuclei formed in egg extracts is one factor that appears to be 
very important for efficient initiation of DNA replication. Using Xenopus 
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egg extracts, it has been postulated that assembly of nuclei may involve 
several steps (Newport and Dunphy, 1992). According to this model, 
membrane vesicles first bind to chromatin-associated proteins, and 
fusion of adjacent vesicles results in formation of a complete nuclear 
envelope around condensed chromatin. Further nuclear growth may be 
accomplished through fusion of vesicles directly to the outer membrane 
of the nuclear envelope, decondensation of chromatin inside the nuclei 
and continuous buildup of an internal nuclear structure which is 
competent for DNA replication. In our study the inhibitors from 
Xenopus liver nuclei did not affect the formation of nuclear envelope 
around sperm nuclei as indicated both by light microscopy (Fig. 8 A) 
and FITC-dextran exclusion (data not shown). Therefore, binding of the 
vesicles to chromatin and subsequent fusion of adjacent vesicles may 
not be blocked by the inhibitors. Failure of nuclear growth in the 
presence of inhibitors suggests a later step may be affected. However, 
our data show that chromatin decondensation is also normal in presence 
of the inhibitors (Fig. 8 B). Therefore, it is possible that the inhibitors 
may block the subsequent buildup of an internal nuclear structure 
which is necessary for efficient DNA replication. Similar changes in 
nuclear morphology in egg extracts have also been observed in previous 
studies of factors that inhibit DNA replication. When either Ran/TC4 
mutant protein (Kombluth et al., 1994), Xenopus oocyte extracts (Zhao 
and Benbow, 1994), or p245 (Zhao and Benbow, submitted for 
publication) were added to egg extracts, both the growth of newly 
formed nuclei and DNA replication were concomitantly inhibited. It 
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seems likely that the two processes are tightly coupled and may not be 
separable. 
Do the Inhibitors in Xenopus Liver Nuclei Affect Formation of 
Pre-replication Centers (RP-A foci) and Active Replication 
Foci? 
Replication protein A (RP-A) was first identifled as a single-
stranded DNA binding protein which is essential for DNA synthesis in a 
mammalian cell-SV40 DNA replication system (Fairman and Stillman, 
1988; Wold and Kelly, 1988). The function of RP-A has been extensively 
studied using Xenopus egg extracts (Adachi and Laemmli, 1992; Fang 
and Newport, 1993; Adachi and Laemmli, 1994; Yan and Newport, 
1995a; Yan and Newport, 1995b). RP-A was shown to be essential for 
initiation of replication in egg extracts (Fang and Newport, 1993; Adachi 
and Laemmli, 1994). RP-A was shown by immunofluorescence to be 
located transiently in discrete pre-replication centers (RP-A foci) prior 
to inception of DNA synthesis, and disassociated from chromatin after 
replication (Adachi and Laemmli, 1994; Yan and Newport, 1995a). 
Incubation of sperm chromatin with cytosol of interphase egg extracts 
also results in efHcient assembly of RP-A foci (Adachi and Laemmli, 
1992; Yan and Newport, 1995b). RP-A has been shown to be 
phosphorylated during Gl-S phase transition (Din et al., 1990; Fang and 
Newport, 1993). Recently, a Xenopus foci-forming activity 1 (FFA-1) has 
been identified (Yan and Newport, 1995b). This 170-kilodalton protein 
is essential for assembly of RP-A foci in cytosol of egg extracts and was 
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suggested to be a integral component of the foci at which DNA 
replication is initiated (Yan and Newport, 199Sb). Given the above, any 
factor in liver nuclear extracts which interferes with the functions of 
either FFA-1 or RP-A would result in blockage of RP-A assembly to 
form pre-replication centers and therefore block DNA replication. 
Nevertheless, our results indicate that formation of RP-A foci in 
decondensed sperm chromatin in cytosol of egg extracts is not affected 
during 60 min incubation with extracts of liver nuclei. This suggests 
that the inhibitors function downstream of RP-A foci assembly. One 
such downstream step is the assembly of active replication foci. 
Fluorescence assays of pulse-labeled dUMP incorporation into nascent 
DNA has established that DNA synthesis starts at numerous discrete 
replication foci both in cultured mammalian nuclei and the nuclei 
formed in Xenopus egg extracts (Nakamura et al., 1986; Hutchison et al., 
1988; Mills et al., 1989; Hassan and Cook, 1993; Yan and Newport, 
199Sa). The replication foci are maintained throughout S phase and 
become attached to the nucleoskeleton (Hassan and Cook, 1993; Hozak 
et al., 1993). Colocalization of RP-A foci with replication foci has 
suggested that RP-A foci may be a precursors to replication foci (Adachi 
and Laemmli, 1994; Yan and Newport, 1995a). In our experiments, 
pulse-labeling with biotin-dUTP showed that the functioning of 
replication foci in egg extracts was severely impaired by inhibitors 
isolated from liver nuclei. This might be the result of abnormal 
assembly or altered components of the replication foci. Thus, formation 
of functional replication foci but not pre-replication centers (RP-A foci) 
was altered by inhibitors in Xenopus liver nuclei. 
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Is Inhibition Due to Inhibitors of cdk2? 
One of the cyclin-dependent kinases, cdk2, has proven to be 
essential for DNA replication in mammalian cells and Xenopus egg 
extracts (reviewed by Morgan, 1995). Immunodepletion of cdk2 from 
Xenopus egg extracts blocks DNA replication (Fang and Newport, 1991). 
One of cdk2 inhibitors, p21, inhibits cdk2 kinase activity by forming 
quaternary complexes with cdk2, cyclin E or cyclin A and proliferating 
cell nuclear antigen (PCNA) (reviewed by Morgan, 1995). Using a 
mammalian cell-SV40 DNA replication system, p21 was found to 
directly inhibit DNA replication by blocking the ability of PCNA to 
activate DNA polymerase 5, and inhibition by p21 was shown to be 
heat-resistant (Waga et al., 1994). Inhibition of DNA replication by p21 
in Xenopus egg extracts has also been confirmed (Adachi and Laemmli, 
1994; Chen et al., 1995; Yan and Newport, 1995a). It has also been 
reported that p21 inhibits DNA replication primarily through its 
inhibition of cdk2 in Xenopus egg extracts (Chen et al., 1995). To 
investigate the possible involvement of cdk2 inhibitors in the inhibition 
observed in our study, cdk2-related histone HI kinase activity was 
examined in a mixture of interphase egg extracts and liver nuclear 
extracts. No evidence of inhibition of cdk2 kinase activity was detected 
(Fig. 7). In addition, unlike inhibition by p21, the inhibitors we 
observed were shown to be heat-sensitive. Therefore, on the basis of 
heat sensitivity (and also size; see below), the quiescent cell inhibitors 
in our study can not be p21 or other cdk2 inhibitors. 
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Is the Inhibitor Cell-cycle Dependent? 
Although liver is composed of a population of quiescent cells 
which usually remain in GO phase, in response to mass organ loss 
created by partial hepatectomy, liver cells begin to proliferate and 
restore the liver to its original size within 1 to 2 weeks (Baserga, 1985). 
Therefore, it seems reasonable that the postulated inhibitors in Xenopus 
liver nuclei could be regulated during progression through the cell cycle. 
To investigate this possibility we used transition of egg extracts from 
metaphase to interphase after addition of Ca'i'+ ions (Lohka and Masui, 
1984). Inhibition by Xenopus liver nuclear extracts was suppressed 
when they were added to egg extracts before or at early stage of 
metaphase to interphase transition. However, liver nuclear extracts 
inhibit DNA replication if they are added 40 min after Ca++ release. The 
40 min incubation of metaphase extracts with Ca''"'' ions ensures the 
metaphase egg extract has entered into interphase completely prior to 
the addition of the inhibitors (Blow and Nurse, 1990; Murray, 1991). 
Based on the fact that both Xenopus liver cells and cultured A6 cells exit 
from or re-enter into the cell cycle at G1 phase, it is unlikely that the 
inhibitors from quiescent Xenopus nuclei are inactivated by metaphase 
egg extracts. Rather, our results indicate that the inhibitors may be 
negatively regulated during metaphase to interphase transition in egg 
extracts, implying the likelihood of cell cycle regulation. For quiescent 
cells in vitro changes in culture medium to a high concentration of 
serum and/or culturing cells at lower density reactivates quiescent cells 
to re-enter the cell cycle and begin DNA synthesis. Therefore, it is likely 
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that the inhibitors which abrogate DNA replication in Xenopus A6 
quiescent cells may also be inactivated before the onset of DNA 
synthesis. As shown in Fig. 10 C, ~ 90% of both quiescent Xenopus A6 
nuclei as well as liver nuclei were replicated in egg extracts after the 
egg extract has undergone metaphase to interphase transition. This 
confirms that inhibitors in quiescent Xenopus nuclei may be cell-cycle 
regulated. 
Comparison of the Inhibitor(s) in Quiescent Xenopus Nuclei 
with Other Negative Regulatory Molecules 
In addition to the quiescence-specific and negative regulatory 
proteins described in the Introduction, several additional proteins have 
been identified as negative regulators of eukaryotic DNA replication. 
Mutations in the Drosophila maternal genes giant nuclei, {gnu), pan gu 
(png) and plutonium (plu) uncouple DNA replication from mitosis, 
resulting in inappropriate initiation and giant polyploid nuclei (Freeman 
and Glover, 1987; Shamanski and Orr-Weaver, 1991). plutonium (plu) 
encodes an ankyrin repeat protein of about 20 kDa which negatively 
regulates S phase during early embryogenesis (Axton et al., 1994). 
Mutation of plu leads to multiple rounds of DNA replication without 
intervening mitoses in early embryo, plu transcripts were found to be 
expressed only in ovary and during first third of embryogenesis (Axton 
et al., 1994). In mammalian cells, the 50 kDa tumor 
suppressor/developmental regulator protein WTl was found to be a 
inhibitor of TAg- and SV40 origin-dependent replication (Anant et al., 
1994). It has been suggested that this zinc-finger protein might inhibit 
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SV40 replication by binding to the GC box promoter motifs of the SV40 
21 bp repeat replication auxiliary sequence (Anant et al., 1994). The 
Xenopus quiescent cell inhibitors do not share most properties of these 
negative regulatory molecules. 
Oocytes of Xenopus laevis are arrested at the G2/prophase of first 
meiosis. It has been reported that Xenopus oocyte extracts inhibited 
DNA replication of Xenopus sperm chromatin in egg extracts (Zhao and 
Benbow, 1994) and a 24S-kDa (p24S) metaphase-related inhibitor was 
isolated from Xenopus oocyte extracts which inhibits replication of 
sperm chromatin but not complementary-strand synthesis (Zhao and 
Benbow, submitted for publication). The activity of p245 declined 
gradually during oocyte maturation and was inactivated during M to S 
phase transition in egg extracts. In our study the glycerol gradient 
sedimentation experiments (Fig. 6) suggest that at least two sizes of 
macromolecules can lead to inhibition. One has sedimentation coefficient 
of around 10.7S, which is close to beef liver catalase (11.3S, 240 kDa) 
and very close to that of metaphase related inhibitor (245 kDa) from 
Xenopus oocytes. However, we can not easily reconcile the inhibitor 
from Xenopus oocytes with the soluble quiescent cell inhibitors in our 
study. The oocyte protein is likely to be a nuclear matrix protein that 
binds tenaciously to DNA and is nearly insoluble under the conditions 
employed in our study. The second inhibitory species had a 
sedimentation coefficient of about 4.IS, similar to that of bovine serum 
albumin (4.22S, 68 kDa). In our study the larger species could be a 
tetramer of the 68 kDa protein, but there is no direct evidence for this; 
no low molecular weight inhibitor was seen in the oocyte extracts (Zhao 
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and Benbow, submitted for publication). Further purification of the 
quiescent cell inhibitors is needed to establish whether the inhibition 
we observe is caused by one or several proteins. 
How Do the Quiescent Cell Inhibitors Function? 
At least two possibilities might account for the blockage of DNA 
replication in quiescent cells. One that has been proposed is the absence 
of "licensing factor" (or any other essential positive replication factors) 
in quiescent cells (Leno and Munshi, 1994). "Licensing factor" was 
postulated to be required for initiation of DNA replication (Blow and 
Laskey, 1988; Blow, 1993; Coverley et al., 1993). Replication licensing 
factor M (RLF M) in Xenopus eggs apparently consists of three at least 
proteins of ca. 92, 106, and 115 kDa, related to the yeast MCM proteins 
(Chong et al., 1995; Kubota et al., 1995; Madine et al., 1995). More 
speciHcally, pl06 (plOO of Kubota and colleagues) is the Xenopus 
homologue (XMCM3) of yeast MCM 3 protein (Chong et al., 1995; Kubota 
et al., 1995; Madine et al., 1995). It was reported that the level of 
XMCM3 is low in quiescent cells (Kubota et al., 1995). Blow and 
colleagues (Chong et al., 1995) have suggested that a second component 
of "licensing factor" is a DNA binding protein, termed replication 
licensing factor B (RLF B), which is postulated to load RLF M onto 
chromatin to form the active complex (Chong et al., 1995; Madine et al., 
1995). However, since Laskey has recently suggested that the term 
"licensing factor" is no longer useful (Huberman, 1995), it seems no 
longer germane to discuss its possible direct interaction with the 
quiescent cell inhibitor(s). 
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Another possibility for blockage of DNA replication is the 
existence of speciflc inhibitors in nuclei of quiescent cells that are able 
to annul the activity of the certain positive replication factors, thereby 
abrogating the initiation of chromosomal replication in quiescence. In 
this view, expression of positive replication factors is suppressed during 
long-term quiescence. The quiescence-specific inhibitors abrogate DNA 
replication in quiescence by preventing positive replication factors from 
executing their normal functions. In order for DNA replication to 
commence, the level of the positive replication factors must exceed the 
level of the inhibitors so that cells have sufficient excess of the positive 
replication factors to initiate DNA replication. Thus, the inhibitors may 
act as a threshold to prevent cells from starting DNA synthesis in either 
in vivo or in cultured cell quiescence. Re-entry into the cell cycle of 
quiescent cells is presumably accompanied by inactivation of the 
quiescence-specific inhibitors and expression of positive replication 
factors, which eventually leads to breakdown of the inhibitor-threshold 
and inception of DNA replication. The data in our study are most easily 
explained by this hypothesis; the key difference between our 
hypothesis and others is that we propose that the negative regulatory 
molecules rather than positive regulatory molecules are dominant in 
trans. 
It is not unreasonable that replication of Xenopus nuclei in 
somatic or cultured cells and Xenopus sperm nuclei in egg extracts may 
be carried out by the same mechanism using similar replication 
machinery. Since there are quiescence-specific inhibitors in quiescent 
Xenopus nuclei that actively block DNA replication in Xenopus egg 
9 1  
extracts, it is not unreasonable that they also play a crucial role to 
abrogate DNA replication in vivo and in cultured Xenopus cells in 
quiescence. 
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Figure Legends 
Figure 1. Intact or permeabilized Xenopus liver nuclei fail to replicate in 
Xenopus egg extracts (A) Preparation of intact and permeabilized nuclei 
from Xenopus liver cells. To make permeabilized nuclei, isolated liver 
nuclei were treated with an equal volume of lysolecithin (10 mg/ml) for 
5 min. Aliquots of intact and permeabilized nuclei were combined with 
FITC-dextran and examined by fluorescence microscopy. FITC-dextran 
was excluded from greater than 80% of the untreated liver nuclei (a), 
whereas > 99% of lysolecithin-treated nuclei were stained by FITC-
dextran (b). (B) 0.15 fig Xenopus sperm chromatin (1), intact liver nuclei 
(2) or permeabilized liver nuclei (3) were incubated in 30 ^il egg extract 
with 2 p.Ci [a-^^P]dATP for 4 h. After incubation, the samples were 
treated with proteinase K, electrophoresed, and autoradiographed. DNA 
synthesis was monitored by the incorporation of [a-^^P]dAMP. 
1 0 0  
Percentage of input DNA replicated in egg extracts was calculated as 
described in Materials and Methods. 
Figure 2. Intact or permeabilized quiescent Xenopus A6 cells fail to 
replicate in Xenopus egg extracts. (A) Asynchronous (Asyn) and 
quiescent Xenopus A6 cells (GO D7 and GO D14) were fixed, stained with 
propidium iodide and analyzed by flow cytometry. Quiescent cells were 
examined after culturing in L-IS medium with 0.5% fetal bovine serum 
for 7 days (GO D7) and 14 days (GO D14). The percentage of cells in each 
phase of the cell cycle are shown beside each histogram. DNA synthesis 
in the asynchronous and quiescent cells was monitored by thymidine 
uptake (lower left side of panel A) as described in Materials and 
Methods. (B) Two representative fields of SLO-treated quiescent 
Xenopus A6 cells after being incubated with FITC-dextran. Bright 
cytoplamic fluorescence and dark nuclei indicates that nuclei were 
intact while plasma membrane had been permeabilized. (C)_DNA 
replication in nuclei of quiescent A6 cells was not observed in egg 
extracts. Sperm_chromatin (1), day 7- (2, 3) or day 14- (4, 5) quiescent 
A6 nuclei were incubated in egg_extracts for 6 h. [a-^^P]dATP was added 
to monitor replication. After incubation, the.samples were treated with 
proteinase K, electrophoresed, and autoradiographed._Percentage 
replication of input DNA was quantitated as described in Materials and 
Methods. (D) Trypsinization restores the capacity of quiescent nuclei to 
replicate in egg extracts. Xenopus liver nuclei (1, 2), day 7- quiescent 
nuclei (GO D7) and day 14-quiescent A6 nuclei (GO D14) were treated 
1 0 1  
with trypsin (10 p^g/ml) for 5 min, and incubated in egg extracts for 6 h. 
[a-^^P]dATP was added to monitor replication. 
Figure 3. Inhibition of DNA replication of Xenopus sperm chromatin in 
egg extracts by Xenopus liver nuclear extracts (A) Sperm chromatin was 
incubated in egg extracts in the presence of extracts of Xenopus liver 
nuclei (+ XLNE) or NIBB buffer (Control) for 3.5 h. After treatment with 
proteinase K, DNA was electrophoresed on a 0.8% agarose gel and 
autoradiographed. DNA synthesis was quantitated by incorporation of 
[a-^^P]dAMP. (B) Incorporation of [a-^^P]dAMP shown in panel A was 
quantitated as described in Materials and Methods. (C) Time course of 
DNA synthesis in egg extracts. Sperm chromatin was incubated in egg 
extracts with Xenopus liver nuclear extracts or NIBB buffer for the 
indicated time. (D) Effect of extracts of asynchronously growing or 
quiescent Xenopus A6 nuclei on DNA replication in egg extracts. 
Xenopus sperm chromatin was incubated in egg extracts for 3.5 h in 
presence of nuclear extracts prepared from Xenopus liver (XLNE), or 
from asynchronous A6 nuclei (asyn), or from day 7 quiescent A6 nuclei 
(GO D7) or from day 14-quiescent A6 nuclei (GO D14). Calculation of 
percentage DNA synthesized was described in Materials and Methods. 
Standard errors of the mean are indicated by bars. 
Figure 4. Effect of extracts of Xenopus liver nuclei on complementary-
strand synthesis in egg extracts. (A) ss Ml3 DNA was incubated in egg 
extracts with [a-^^P]dATP in the presence of NIBB buffer (Control) or 
liver nuclear extracts (+ XLNE) for 3 h. The samples were treated with 
1 0 2  
proteinase K, electrophoresed and autoradiographed as described in 
Materials and Methods. (B) Effect of the same liver nuclear extract upon 
DNA synthesis on ss Ml3 DNA templates in different egg extracts, ss 
M13 DNA was incubated in four different batches of egg extracts (1, 2, 3 
and 4) in the presence of the same liver nuclear extract or NIBB buffer 
for 3 h. 
Figure 5. Biochemical characteristics of the inhibitors in Xenopus liver 
nuclear extracts. (A) Effect of heated extracts of liver nuclei upon DNA 
replication. Liver nuclear extract was boiled for 5 min, precipitated 
proteins were removed by centrifugation. Xenopus sperm chromatin 
was incubated in egg extracts with [a-^^P]dATP in presence of NIBB 
buffer (Control), liver nuclear extracts (+ XLNE) or boiled liver nuclear 
extracts (+ Boiled XLNE) for 3 h. The samples were then treated with 
proteinase K, run in 0.8% agarose gel and autoradiographed as above. 
(B) Dose-dependence of inhibition of DNA replication by liver nuclear 
extracts. Sperm chromatin were incubated in egg extracts for 3 h in 
presence of different amount of liver nuclear extracts as indicated. (C) 
Template digestion assay for liver nuclear extracts. ^H-labeled X phage 
DNA was incubated in egg extracts in presence of NIBB buffer (Control) 
or liver nuclear extracts (+ XLNE) for 2 h. Undegraded ^H-labeled DNA 
was quantitated by trichloroacetic acid precipitation described under 
Materials and Methods. 
Figure 6. Glycerol gradient sedimentation. (A) A profile of a fractionated 
glycerol gradient. Xenopus liver nuclear extracts were subjected to 
1 0 3  
glycerol gradient centrifugation and fractions examined for inhibition of 
DNA replication in Xenopus egg extracts as described in Materials and 
Methods. (B) Sedimentation coefficient determination of inhibitors in 
Xenopus liver nuclear extracts. Standard proteins were indicated by 
open squares, the inhibitory fractions were shown by closed circles. 
Figure 7. Effect of liver nuclear extracts upon cdk2 kinase activity in egg 
extracts. Mixtures of egg extracts and liver nuclear extracts were 
incubated at room temperature for 30 min. After incubation, cdk2 
kinase was immunoprecipitated by anti-cdk2 antibody and agarose-
protein A. Histone HI kinase assays were performed on the agarose 
beads at 30 "C for 30 min as described in Materials and Methods. The 
proteins were separated by 12% SDS-PAGE gel, which was dried and 
autoradiographed. 
Figure 8. (A) Changes in nuclear morphology induced by extracts of 
liver nuclei. (A) Egg extracts were incubated at room temperature with 
Xenopus sperm chromatin in presence of liver nuclear extracts (+ XLNE) 
or NIBB buffer (Control). Samples were stained with Hoechst 33258 at 0, 
30 and 60 min of incubation for phase-contrast (Pha) and fluorescence 
(Flu) microscopy. (B) Decondensation of sperm chromatin in presence of 
extracts of liver nuclei. A cytosol of interphase egg extracts was 
prepared as described in Materials and Methods. Sperm chromatin was 
incubated in the cytosol with extracts of Xenopus liver nuclei (+ XLNE) 
or NIBB buffer (Control) at room temperature for 5, 15 and 30 min. 
1 0 4  
Samples were stained with Hoechst 33258 for phase-contrast (Pha) and 
fluorescence (Flu) microscopy. 
Figure 9. Effect of extracts of Xenopus liver nuclei on formation of pre-
replication centers (RP-A foci) and replication foci. (A) Sperm chromatin 
was added to cytosol of egg extracts in the presence of extracts of 
Xenopus liver nuclei (XLNE) or NIBB buffer (control) and incubated for 1 
h. Decondensed sperm nuclei were fixed and stained for RP-A by 
indirect immunofluorescence as described in Materials and Methods. (B) 
Sperm chromatin was incubated in egg extracts with extracts of 
Xenopus liver nuclei (XLNE) or NIBB (control) for 45 min. Nuclei were 
pulse-labeled with biotin-dUTP for 3 min immediately before fixation. 
DNA synthesis is visualized by staining of incorporated biotin-dUTP 
with fluorescein-streptavidin. 
Figure 10. Inhibitors in quiescent Xenopus nuclei were inactivated 
during metaphase to interphase transition of egg extracts. Transition 
from metaphase to interphase was induced by adding CaCl2 to a flnal 
concentration of 0.4 mM to metaphase egg extracts. (A) Extracts of 
Xenopus liver nuclei (+ XLNE) or NIBB buffer (Control) were added with 
sperm chromatin to metaphase egg extracts either 5 min prior to or 5 
min and 40 min after addition of CaCl2. The reactions were continued at 
room temperature for 3.5 h. The samples were treated by protease K, 
electrophoresed and autoradiographed. DNA synthesis was monitored 
and quantitated by incorporation of [a-^^P]dAMP. (B) The [a-^^P]dAMP 
radioactivity incorporated shown in panel A was quantitated as 
1 0 5  
described in Materials and Methods. (C) Permeabilized Xenopus liver 
nuclei (XLN), or day 7-quiescent (GO D7) or day 14-quiescent (GO D14) 
nuclei of Xenopus A6 cells were added to either interphase egg extracts 
(filled bars) or metaphase egg extracts (unfilled bars) respectively. The 
reactions were continued for 6 h after addition of CaC^. Replication of 
input DNA was quantitated as described in Materials and Methods. 
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CHAPTER 4. ON THE TRANSIENT TEMPLATE FOR 
DNA REPLICATION IN VIVO: NOVEL REPLICATIVE 
INTERMEDL\TES IN CHROMOSOMAL DNA OF 
XENOPUS LAEVIS EMBRYOS 
A paper to be submitted to Chromosoma 
Jing Fang'Michelle Gaudette^, Eric H. Anderson', 
and Robert M. Benbow'-^-' 
Abstract  
In this study we test the hypothesis that DNA unwinding is 
uncoupled from DNA synthesis during chromosomal DNA replication in a 
metazoan organism. Uncoupling results in novel replicative 
intermediates that contain extensive transiently single-stranded regions 
rather than conventional replication forks. Single stranded DNA within 
intact nuclei was identified by laser confocal microscopy 
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after being stained with the bis-intercalating dye YOYO-1, an oxazole 
yellow homodimer which forms fluorescent complexes with A, max sio nm 
when bound to double-stranded DNA and X max S80 nm when bound to 
single-stranded DNA. Ratiometric image analysis showed that 
chromosomal DNA in intact nuclei of cleaving Xenopus embryos 
(blastulae) and gastrulae was extensively single-stranded. In contrast, 
chromosomal DNA in intact brain nuclei (that is, in non-dividing cells) 
was nearly indistinguishable from control double-stranded DNA in 
intact sperm nuclei. Ratiometric image analysis also established that 
DNA in demembranated sperm nuclei incubated in Xenopus egg extracts 
became extensively single-stranded as replication proceeded in vitro. 
Quantitative analyses by electron microscopy identified four distinct 
classes of structures containing single-stranded regions in chromosomal 
DNA isolated at various times during embryogenesis. Multiple sites of 
nascent DNA synthesis within single-stranded regions in DNA isolated 
from cleaving embryos pulse-labeled with biotinylated nucleotides 
were visualized by electron microscopy using streptavidin-colloidal 
gold. These observations constitute strong evidence that the novel 
transiently single-stranded replicative intermediates predicted by the 
"Strand Separation Model" for chromosomal DNA replication. 
Introduction 
Two distinct mechanisms for replication of double-stranded DNA 
can be envisioned: one in which unwinding of the duplex is coupled to 
synthesis of the new daughter strand(s), and a second in which 
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unwinding is uncoupled, both spatially and temporally, from DNA 
synthesis. Mechanisms of the first type, first demonstrated by Cairns for 
replication of E. coli genomic DNA, result in branched predominantly 
double-stranded replicative intermediates called replication forks 
(Cairns, 1963). Replication forks and related structures such as rolling 
circle intermediates have been observed in prokaryotes, eukaryotic 
viruses, and lower eukaryotes (reviewed in (Komberg and Lorch, 1992). 
There are, however, few reports of replication forks in metazoa 
(Kriegstein and Hogness, 1974; Lee and Pavan, 1974). Mechanisms of 
the second type were also originally proposed for replication of E. coli 
genomic DNA (Rosenberg and Cavalieri, 1964; Rosenberg and Cavalieri, 
1968). However, replicative intermediates in which unwinding is 
uncoupled from DNA synthesis have not been reported under 
physiological conditions, except for infrequent and controversial claims 
in metazoan embryos and cultured cells (Baldari et al., 1978; Micheli et 
al., 1982; Benbow, 1985; Benbow et al., 1986; Gaudette and Benbow, 
1986; Lonn and Lonn, 1988; Stewart et al., 1991). In the absence of 
convincing demonstrations of "uncoupled" intermediates, mechanisms of 
the second type for chromosomal replication in metazoa have been 
dismissed or, more typically, ignored. The primary exception to this 
generalization is our laboratory, which has long maintained that 
chromosomal DNA in metazoa is replicated by a mechanism of the 
second type which we have called the Strand Separation Model 
(Gaudette and Benbow, 1986; Lonn and Lonn, 1988; Stewart et al., 
1991). Recently, two variants of the Strand Separation Model have been 
put forth: an asymmetric unidirectional synthesis model (Linskens and 
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Huberman, 1990), and a hybrid model in which strand-separation is 
followed by formation of replication forks (Coverley and Laskey, 1994). 
The key feature that distinguishes replicative intermediates of the first 
type such as replication forks from the replicative intermediates 
generated by strand-separation is the presence of extensive transiently 
single-stranded regions in the latter. 
There are numerous reports of abundant single-stranded DNA in 
metazoa. Extensive regions of single-stranded DNA (Tan and Lerner, 
1972; Hayton et al., 1973a; Hayton et al., 1973b; Case et al., 1974; 
Collins, 1974; Suzuki et al., 1974; Case and Baker, 1975; Case and Baker, 
1975a; Baldari et al., 1978; Henson, 1978; Kurek et al., 1979; Bozzoni et 
al., 1981; Keim and Lark, 1982; Micheli et al., 1982) (Lonn and Lonn, 
1988) of up to 70 kb in length (Bjursell et al., 1979) have been reported 
in a wide variety of eukaryotic organisms, particularly deuterostomes 
and in plants (Paoletti et al., 1967; Tan and Lemer, 1972; Hoffman and 
Collins, 1976; Collins, 1977; Collins et al., 1977; Bjursell et al., 1979; 
Carnevali and Filetici, 1981). These extensive single-stranded regions 
are comprised predominantly of parental, rather than newly 
synthesized, DNA (Scudiero and Strauss, 1974; Hoffman and Collins, 
1976; Collins, 1977; Collins et al., 1977; Gaudette and Benbow, 1986; 
Lonn and Lonn, 1988). However, these extensive single-stranded 
regions typically are dismissed as artifacts generated during isolation 
and extraction of chromosomal DNA (for example(Habener et al., 1970; 
Hardman and Gillespie, 1980; Micheli et al., 1982). In addition, despite 
extensive correlations of single-stranded regions with S phase and DNA 
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replication there has been no direct evidence that links these single-
stranded regions to DNA replication. 
To test whether large transiently single-stranded regions are 
formed in chromosomal DNA in metazoa we have developed a technique 
that enables single-stranded DNA to be identified within intact nuclei 
that are actively undergoing DNA replication. Replicating DNA within 
intact nuclei is examined by laser confocal microscopy after incubation 
of the nuclei with the bis-intercalating asymmetric cyanine dye, YOYO-
1. When bound to double stranded DNA, YOYO-1 forms highly 
fluorescent complexes with 510 nm (Glazer and Rye, 1992; Rye et 
al., 1992). When bound to single-stranded DNA, the fluorescence 
intensity of complexes is less by an order of magnitude, and the Xmux 
shifts to 580 nm (Singer et al., 1993). The relative amount of single-
versus double stranded DNA within an intact nucleus can, therefore, be 
estimated by ratiometric image analysis using confocal microscopy. To 
further link the single stranded regions to ongoing chromosomal DNA 
replication we have also applied another technique developed by our 
laboratory to visualize pulse labeled sites of nascent DNA synthesis in 
isolated DNA molecules (Hiriyanna et al., 1988). 
Cleaving Xenopus embryos (blastulae) present unique 
opportunities for identification of replicative intermediates in 
chromosomal DNA. Early cleavage divisions are rapid and 
'metachronous' (Satoh, 1977). After first cleavage, cell cycles are 
abbreviated, consisting of only M and S phases (Graham, 1966; Graham 
et al., 1966; Graham and Morgan, 1966; Kirschner et al., 1980; Newport 
and Kirschner, 1982a). S- phase lasts about 10 min. Since no detectable 
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RNA synthesis (Newport and Kirschner, 1982a) or DNA repair 
((Hiriyanna et al., 1988)) occurs at this time, the most abundant 
chromosomal DNA structures in blastulae (other than unbranched 
duplex DNA) are likely to be replicative intermediates. 
After twelve cleavages, the embryo undergoes a period of 
systematic metabolic changes known as the mid blastula transition 
(Newport and Kirschner, 1982b; Newport and Kirschner, 1982a). The 
rate of DNA synthesis decreases dramatically. Cell cleavages become 
increasingly asynchronous as cells adopt a variable G] phase, RNA 
synthesis commences and the duration of S phase increases to about 75 
min during gastrulation and 200 min during hatching (Graham and 
Morgan, 1966). Therefore, the frequency of replicative intermediates in 
isolated chromosomal DNA will be significantly lower during 
gastrulation and hatching. 
In this study we show by ratiometric image analysis using 
confocal microscopy that chromosomal DNA in intact nuclei isolated 
from cleaving Xenopus embryos or gastrulae is extensively single-
stranded. In contrast, chromosomal DNA in intact brain nuclei is nearly 
indistinguishable from double-stranded control DNA in intact sperm 
nuclei. DNA within nuclei formed around sperm chromatin becomes 
extensively single-stranded during replication in cell-free Xenopus egg 
extracts. The frequencies and kinds of structures containing single-
stranded regions observed by electron microscopy in chromosomal DNA 
isolated at various times during embryogenesis vary as expected for 
replicative intermediates. We also show that chromosomal DNA 
molecules isolated from embryos pulse-labeled with biotinylated 
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nucleotides and visualized by electron microscopy using streptavidin-
colloidal gold exhibit multiple sites of nascent DNA synthesis on 
unbranched, apparently single-stranded, parental chromosomal DNA. 
All of these observations are consistent with the structures of transient 
replicative intermediates predicted by the "Strand Separation Model" 
(Gaudette and Benbow, 1986). 
Materials and Methods 
Fluorescence Spectroscopy of YOYO-1-DNA Complexes 
YOYO-1 {l.r-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-bis-
4-[3-methyl-2,3-dihydro-(benzo-l,3-oxazole)-2-methylidene]-4-
quinoliniumtetraiodide} is an oxazole yellow homodimer which binds to 
nucleic acids with unusually high afOnity to form fluorescent complexes 
(Glazer and Rye, 1992). At a ratio of 5 dye molecules to 1 base pair, ds-
DNA-YOYO-1 and ss-DNA-YOYO-1 complexes exhibit different maximal 
emission wavelengths ((Singer et al., 1993) that we determined to be 
510 nm and 580 nm respectively (Fig. 1). To measure these spectra, 0.1 
fig DNA was incubated with 9.5 x lO"^ pg of YOYO-1 in 1 ml of buffer 
solution containing 40 mM Tris acetate ( pH 7.8), 2 mM EDTA, The 
excitation wavelength was set at 470 nm. We chose a bandwidth of 
500-560 nm to quantitate ds-DNA-YOYO-I, and from 560-620 nm for 
ss-DN A-YOYO-1 in intact nuclei. Further details regarding the 
fluorescence of YOYO-1-DNA complexes at various ionic strengths, 
different pH values, DNA types and concentrations and so on, will be 
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presented elsewhere (Anderson, Fang and Benbow, manuscript in 
preparation) 
Isolation of Xenopus Sperm Nuclei 
Xenopus sperm chromatin was prepared according the method 
described by Blow and Laskey (1986). 
Staining of Nuclei with YOYO-1 
6400 demembranated Xenopus sperm haploid nuclei (or 3200 
Xenopus brain or embryonic diploid nuclei, see below (20 ng 
chromosomal DNA)) were stained for 2 h with 1.9 x 10"^ pg of YOYO-1 
(5 dye:l bp) in TAE buffer (40 mM Tris acetate (pH 8.0), 2 mM EDTA), 
and 5% formaldehyde (v/v). Samples were pipetted on a glass slides, 
covered with a glass coverslip, and sealed with nail varnish 
Confocal Microscopy 
Confocal microscopy was carried out with an Odyssey Real Time 
Laser Scanning Confocal System with a Nikon diaphot inverted 
microscope with a 35 mm camera port. Image-1 acquisition software, 
Panasonic 30/31 optical disc recorder, and a color video printer. 
Isolation of Intact Xenopus Embryonic Nuclei for Confocal 
Microscopy 
Xenopus eggs were fertilized according to the method of Wolf and 
Hedrick (Wolf and Hedrick, 1971). 200 embryos were collected just 
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prior to mid blastula transition (stage 8) and stage 11 and homogenized 
with one stroke in a 1 ml Wheaton dounce homogenizer. 1.5 ml of 2.5 M 
sucrose containing 2 mM MgCl2, 5 mM Tris HCl (pH 8.0), 2 mM P-
mercaptoethanol, 0.5 mM spermine, 0.5% volume of Triton XlOO was 
added to suspend the homogenate (Farzaneh and Pearson, 1978). A step 
gradient of 2.5 ml 2.5 M sucrose and 1 ml of 2.3 M sucrose was overlaid 
with 1 ml of nuclei, and centrifuged in a Beckman SW50.1 Ti rotor at 
29,000 rpm (100,000 g) at 2 C for 2 h. The nuclei formed an opaque 
band at the interphase between the 2.3M and 2.5M sucrose solution and 
were removed by aspiration, diluted with two volumes of 0.3 M sucrose 
containing the supplements above and centrifuged again. The nuclei 
were centrifuged in a Sorvall HB-4 rotor at 2500 rpm (1000 g) at 2° C 
for 10 min. The nuclear pellet was suspended gently with 5 ml of 0.3M 
sucrose, centrifuged in an HB-4 rotor at 2500 rpm for 10 min. The pellet 
was resuspended in a small volume of 0.3M sucrose and stored at -70° C 
in small aliquots after addition of glycerol to 30% (v/v). 
Isolation of Xenopus Brain Nuclei 
One adult Xenopus brain was minced before being suspended in 
0.5 ml buffer which contained 0.25 M sucrose, 3 mM MgCl2, and 0.5 mM 
spermine (Graham and Morgan, 1966) and homogenized with 2-4 
strokes in a 1 ml Wheaton dounce homogenizer. After 20 min on ice, the 
supernatant was filtered through four layers of cheese cloth, washed in 
2 ml of suspension buffer, and centrifuged in an HB-4 rotor at 2500 
rpm for 10 min. The pellet was suspended in 0.5 ml buffer, and stored 
at -70 OC after addition of glycerol to 30% (v/v). 
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Preparation of Xenopus Egg Extracts 
Interphase egg extracts were prepared as described previously 
(Endnote Blow, 1993) with modifications. Female Xenopus were injected 
with 500-600 lU human chorionic gonadotropin (Sigma). Eggs were 
collected in high salt Barth's solution (15 mM Tris.HCl, pH 7.4, 110 mM 
NaCl, 2 mM KCl, 2 mM NaHCOs, 1 mM MgS04, 0.5 mM Na2HP04), and 
dejellied with 2% cysteine HCl, pH 7.8, 2 mM EGTA in high salt Barth's 
solution. Dejellied eggs were washed three times in Barth's solution (15 
mM Tris.HCl, pH 7.4, 88 mM NaCl, 2 mM KCl, 1 mM MgCl2, 0.5 mM 
CaCl2), activated for 5 min with 0.5 mg/ml calcium ionophore at room 
temperature and washed four times in extraction buffer (50 mM HEPES-
KOH, pH 7.6, 50 mM KCl, 5 mM MgCl2, 2 mM P-mercaptoethanol) at 4°C. 
Eggs were packed by centrifuging for 1 min at 3,000 rpm (1,500 g) in 
an HB-4 rotor. Excess buffer was removed, and eggs were crushed by 
centrifuging at 12,000 rpm (24,000 g) for 10 min at 4°C in an HB-4 
rotor. The cytoplasmic layer was removed slowly using a 3-ml syringe 
with an 18-gauge needle. Cytochalasin B, leupeptin, aprotinin, and 
pepstatin A were added to the extracts to final concentrations of 10 
Hg/ml. The extracts were centrifuged at 15,000 rpm (100,000 g) for 15 
min at 4®C in an SW50.1 rotor. The clear golden layer was collected, 
made 2% glycerol (v/v) and frozen in 15-ml aliquots in liquid nitrogen. 
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Isolation of Sperm Chromatin from Egg Extracts 
Sperm chromatin was isolated from the egg extracts by 
resuspending in 1 ml of nuclear isolation buffer (SO mM HEPES-KOH, pH 
7.6, SO mM KCl, S mM MgCl2, 2 mm p-mercaptoethanol, O.S mM 
spermidine 3HC1, O.IS mM spermine 4HC1, 1 |xg/ml of leupeptin, 
pepstatin A and aprotinin; NIBS). The samples were loaded onto 100 ^.1 
1S% sucrose in NIBS and pelleted at 6,000 g for S min at 4°C in an SW 
SO.l swinging bucket rotor. Overlying buffer was removed, and nuclei 
were resuspended in NIBS for staining with YOYO-1. 
Isolation of Chromosomal DNA for Electron Microscopy 
Embryo collection was as described previously (Marini et al., 
1988). Embryos were allowed to develop at 22°C in dechlorinated water 
to Nieuwkoop and Faber (Nieuwkoop and Faber, 197S) stages 7 and 
early 8 (blastula; prior to mid blastula transition), 11 (gastrula), and 34-
37 (beginning of hatching). Embryos were dejellied just prior to first 
cleavage in 2% cysteine-HCl (pH 8.0) and washed in dechlorinated 
water. Necrotic embryos were removed periodically. 
Six different protocols to isolate DNA were tested in extensive 
preliminary experiments (M. F. Gaudette, Ph.D. Thesis, Johns Hopkins 
University, 1987) to determine the procedure that resulted in high 
(>90%) yields of long (ca 100 kb) chromosomal DNA molecules. Method 
VI, taken from Gaudette and Benbow (Gaudette and Benbow, 1986), was 
ultimately selected for use in this study. DNA isolated by this method 
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represents a compromise between conflicting requirements for highest 
purity, highest yield, and, most importantly, longest chromosomal DNA 
molecules. Embryos were homogenized at 0 °C in a loose fitting Teflon-
glass homogenizer at about SO embryos/ml in 0.5% citric acid 
(Flickenger et al., 1965) which solubilizes yolk platelets and lipids. 
Spermine (Sigma) was added to 1.5 mM after homogenization to 
stabilize the nuclear membrane (Farzaneh and Pearson, 1978) and the 
homogenate was centrifuged at 1075 x g at 4°C for 10 min. After three 
subsequent washes in 100 mM KCl plus 1.5 mM spermine, 50 niM Tris-
HCl (pH 8.0) plus 1.5 mM spermine and 10 mM Tris-HCl (pH 8.0) plus 
1.5 mM spermine, the resulting nuclear pellet was resuspended in 10 
mM eyelohexylamino-1,1-propane sulfonate (CAPS, pH 10.4 at 25°C), 
200 mM EDTA. An equal volume of the above buffer plus 2% Sarkosyl 
was added and the suspension incubated at 60°C (Benbow and Ford, 
1975) The released DNA was dialyzed against 10 mM Tris-HCl (pH 8.0), 
1 mM EDTA, 10 mM NaCl at 4°C and prepared for electron microscopy. 
Electron Microscopy of Chromosomal DNA 
Dialyzed DNA was diluted 1:20 into 10 mM Tris-HCl (pH 8.0), 1 
mM EDTA, 1.3 M sodium acetate (pH 4.6), 2.5 mM NaCl, 0.05 mM ZnS04, 
5% (v/v) glycerol, 3 M CsCl. This concentration of CsCl is sufficiently high 
to release most proteins bound to DNA. DNA was spread by the 
formamide technique of (Davis et al., 1971) using a hyperphase 
formamide concentration of 40% and a hypophase concentration of 10%. 
Using these conditions, RNA does not spread and single-stranded DNA 
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can be distinguished from double-stranded DNA (Fig. 6). Electron 
micrographs were taken on a Zeiss EM 109 at 3,000 x, 4,400 x, or 7,000 
X magnification. Tracings were made from projections on a Leitz 
Dokumator and contour length measurements made on a Hewlett 
Packard 9874A digitizer. Alternatively, original electron micrographs 
positives and negatives were digitized with a Mirror 600 color flatbed 
scanner and Aldus Photoshop software. Contour lengths were measured 
using NIH Image software. Photoshop was used to enhance the contrast 
without altering the size or shape of the DNA molecules. 
All lengths were converted to kilobase(s) (kb) based on 
measurements of control double-stranded plasmids spread under the 
same conditions (Davis et al., 1971) . We did not correct for length 
variations in the spreading of single-stranded DNA . The concentration 
of DNA was sufficiently low (ca. 2 ng/ml) that overlap or contact 
between chromosomal DNA molecules was highly unlikely. Circular 
molecules (mtDNA, rDNA) were not observed in preparations from 
cleaving embryos and were rare in preparations from later stages. 
More than 10^ kb chromosomal rDNA isolated from cleaving 
embryos was examined by electron microscopy and 147 molecules 
(>10^ kb) were photographed and digitized. More than 10'^ kb of 
chromosomal DNA molecules isolated separately from gastrulae 
(n=1051) and from hatched embryos (n=130) were also photographed 
and digitized. The mean length of isolated DNA molecules was nearly 
100 kb; this value is an underestimate since molecules that overlapped 
grid bars were included (see (Zakian, 1976)). The distribution of contour 
lengths was biphasic with maxima at 50-70 kb and 90-110 kb (data not 
1 2 9  
shown); individual molecules longer than 200 kb were isolated from 
every stage except cleaving embryos. 
Visualization of Stable rec A-Single-stranded DNA Filaments 
Mediated by Single Strand DNA Binding Protein 
Stable rec A-single-stranded DNA filaments (Di Capua et al., 1982; 
Register and Griffith, 1986) were formed in the presence of single 
strand DNA binding protein (Chrysogelos and Griffith, 1982) on DNA 
isolated from Xenopus late blastulae, using the conditions recommended 
by the manufacturer (United States Biochemical Corp.) with the 
following modifications. The concentrations of single strand binding 
protein and rec A protein were increased to 18 ^g/ml and 240 ^g/ml, 
respectively. The filaments were fixed by the addition of 2% 
gluteraldehyde in 20 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonate (HEPES, pH 7.5), to a final concentration of 0.2%. The 
buffer used in the Sepharose 48 column was 20 mM HEPES (pH 7.5), 30 
mM NaCl, 12 mM MgCl2 and 0.2% gluteraldehyde (Sogo et al., 1987). The 
samples were spread for electron microscopy by the aqueous procedure 
of (Davis et al., 1971) . 
Isolation of radioactively labeled chromosomal DNA for 
Biochemical Analyses 
To label chromosomal DNA, embryos were microinjected with 25 
to 70 nl of a-32p dTTP (3,000 Ci/mmol; New England Nuclear) between 
the 2-cell and the 8-cell stages, in dechlorinated water plus 5% Ficoll 
m 
« 
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(Newport and Kirschner, 1982a). Embryos were allowed to develop to 
stage 7 in 5% Ficoll at which time they were either harvested for DNA 
isolation or were removed to dechlorinated water to develop to 
gastrulae and hatched embryos . A mixture of ^H-labeled, alkali 
denatured E. coli DNA and I'^C-labeled native E. coli DNA was added to 
the isolated nuclei just prior to lysis. 
To deproteinize DNA, proteinase K was added to DNA in lysis 
buffer (10 mM CAPS, pH 10.4, 200 mM EDTA, 1% Sarkosyl) to 
concentrations greater than 200 ^g/ml and the mixture was incubated 
at 37^0 for at least 2 h. Deproteinized DNA was precipitated with 
ethanol and resuspended in 10 mM Tris-HCI (pH 8.0), 10 mM NaCl for 
nuclease digestion or in loading buffer (see below) for column 
chromatography. 
Radiolabeled DNA (£. coli, Thymidine-methyl-^H, 5.4 mCi/mg) and 
E. coli, Thymidine-methyl-l'^C, 0.11 mCi/mg) was obtained from New 
England Nuclear. The ^H-labeled DNA was denatured by alkali 
treatment (Davis et al., 1971) . Alkali denatured DNA was about 80% 
single-stranded as determined by digestion with Si nuclease. To 
prepare double-stranded control DNA, the l^c.iabeled native DNA, 
which was found to contain significant amounts of single-stranded DNA, 
was digested with SI nuclease, precipitated with ethanol and 
resuspended in 10 mM Tris-HCl (pH 8.0), 10 mM NaCI. The Si treated 
14c-labeled DNA was shown to be > 99% double-stranded. 
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Nuclease Digestion 
Digestion by Si nuclease preferentially cleaves single-stranded 
DNA (Linn and Roberts, 1982). Digestions with Si nuclease were 
performed in 30 mM NaOAc (pH 4.6), 50 mM NaCI, 1 mM Zn(OAc)2 for 
60 min at 31^ C. Digestion with mung bean nuclease were performed in 
10 mM NaOAc (pH 5.0), 1 mM cysteine, 0,1 mM Zn (OAc)2, 50 mM NaCl, 
0.001% Triton-X 100 at 370C for 60 min. Reaction volumes varied from 
60 ^1 to 750 ^l. In each experiment, aliquots were removed at 0, 5, 10, 
20, 30 and 60 min or at 0, 30 and 60 min. Samples were either spotted 
onto Whatman 3 mM filter disks and processed as described by Collins 
(Collins, 1977) or were added to 0.5 ml carrier DNA (Benbow et al., 
1975) and processed as described for column chromatography, below. 
BND Cellulose Column Chromatography 
Elution from benzoylated-naphthoylated DEAE cellulose (BND 
cellulose), to which single-stranded DNA binds tightly, requires both 
caffeine and high ionic strength (Sedat et al., 1967). BND cellulose 
(Boehringer Mannheim Biochemicals) was equilibrated against 100 mM 
Tris-HCI (pH 8.0), 1 mM EDTA (pH 8.0), 0.2 M NaCl (loading buffer) at 
room temperature and poured into a 5.0 ml plastic disposable syringe 
(column) plugged with commercially siliconized glass wool (Altech 
Associates). Columns had a bed volume of 1 ml and were eluted at room 
temperature with a flow rate of 0.5 ml/min. The column was washed 
with loading buffer until the A260 of the flow through was below 0.200. 
32p-iabeled embryonic DNA, prepared as described above (i.e.. 
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containing ^H-single-stranded and l^c-double-stranded control DNA) 
was dialyzed extensively against loading buffer and loaded onto the 
column. The column was washed with 2-1/2 to 4-column volumes of 
loading buffer. The pooled washes were reloaded on the column to 
ensure maximum binding. Columns were washed with an additional IS 
ml loading buffer, and eluted in a step-wise fashion with IS ml aliquots 
of 100 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.3S M NaCI (Buffer A); 100 
mM Tris-HCI (pH 8.0), 1 mM EDTA, 1.0 M NaCI (Buffer B); and 100 mM 
Tris-HCI (pH 8.0), 1 mM EDTA, 1.0 M NaCI, 2% caffeine (Buffer C). 1 ml 
fractions were collected. Each fraction was precipitated with 1 ml 10% 
trichloroacetic acid at 0°C for S-30 min, collected on Whatman 934-AH 
2.4 cm glass microfiber filters that had been wetted with 100 mM 
Na4P207, 10 mM Na3P04, 1 mM EDTA. Filters were heat dried and the 
3h, and 32p cpm were determined in toluene-based scintillation 
fluid (Liquifluor, New England Nuclear) using a triple-label counting 
program in an LKB Rack Beta scintillation counter. 
Cs2S04-AgCI04 Gradient Centrifugation 
Single-stranded DNA has a higher buoyant density than double-
stranded DNA in Ag-Cs2S04 gradients (Jensen and Davidson, 1966). This 
procedure was adapted from the protocol of (Hoffman and Collins, 
1976). 32p.iabeled embryonic DNA was dialyzed sequentially against 
0.1 M EDTA (pH 8.0); 0.1 M NaCI04; and 0.01 M Na2S04. Next, 3.2 g of 
Cs2S04 (United States Biochemicals) were added to SOO ^.1 of SO mM 
Na2B407 (pH 9.2) and diluted by the addition of 2 ml sterile deionized 
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water. 20 |ig each of unlabeled native and denatured salmon sperm DNA 
were combined, diluted with sterile deionized water and added 
dropwise to the Cs2S04-Na2B407 solution. AgCI04 was added dropwise 
to a final concentration of 6.4 and a molar ration of Ag+^DNA-P of 
0.27. The solution was adjusted to a final volume of 5 ml by adding 
sterile deionized water. The density was adjusted to l.SS g/cm3 
(refractive index of 1.3778), based on the equation p= 13.6986T^ -
17.3233 (Jensen and Davidson, 1966), and the 32p.iabeled embryonic 
DNA was added. Centrifugation was performed in a Beckman Model 8-
70M ultracentrifuge in a VTi 65 rotor at 15°C at 45,000 rpm for 
approximately 18 h. Refractive indices were measured on 50 p.1 samples 
on a Bausch and Lomb refractometer and were converted to densities 
by the equation given above. 200 fil samples of each fraction were 
diluted into 0.5 ml carrier DNA, precipitated by the addition of 0.5 ml 
10% trichloroacetic acid for 5-30 min at O^'C, and filtered. Radioactivity 
was determined as described above. 
Visualization of Nascent Synthesis by Attachment of Colloidal 
Gold to Biotinylated DNA 
Stage 8-9 embryos were pulse labeled with biotin 14 dCTP. The 
DNA was prepared for electron microscopy the spread in the presence 
of streptavidin conjugated 20 nm colloidal gold beads according to the 
procedure of Hiriyanna. Prior to use the beads had been titrated with 
biotin to reduce the number of streptavidin binding sites to one per 
bead in order to prevent cross-linking of the DNA. 
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Results 
Rationale 
In an attempt to test whether the transiently single-stranded 
replicative intermediates predicted by the Strand Separation Model are 
present in vivo, we have developed a new approach to distinguish 
single- from double-stranded DNA within intact nuclei which are 
actively replicating chromosomal DNA. The specific rationale for the 
experiments described in this section is as follows: if it can be shown 
that chromosomal DNA is extensively single-stranded in intact 
embryonic nuclei, that the amount of single-stranded DNA is correlated 
with the rate of DNA synthesis in these nuclei, and that the nuclei 
continue DNA synthesis while the DNA is extensively single-stranded, 
then we may conclude that single-stranded regions such as reported 
previously in chromosomal DNA molecules isolated from embryos exist 
prior to isolation of the DNA. These single-stranded regions would then 
be potential replicative intermediates in which DNA unwinding is 
uncoupled from DNA synthesis 
The method of detection of single-stranded DNA in intact nuclei is 
based on the differential binding properties of YOYO-1, a bis-
intercalating asymmetric yellow cyanine dye, to single- and double-
stranded DNA. At an appropriate concentration of dye molecules per 
base pair (5 dye: 1 bp), ds-DNA and YOYO-1 form a highly fluorescent 
complex with a maximal emission wavelength at 510 nm. When bound 
to single-stranded DNA, the fluorescent intensity of the complex 
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decreases by an order of magnitude and the maximal emission 
wavelength shifts to 580 nm (Fig. lA). The amount of single- versus 
double-stranded DNA within an intact nucleus can, therefore, be 
estimated by ratiometric image analysis using confocal microscopy (Fig. 
IB). In mixing experiments with ratios of double-stranded to single-
stranded DNA ranging from 10:0 to 0:10, we observed a decline in 
fluorescence intensity at 510 nm, and a shift in maximal emission 
wavelength to 580 nm. The ratio of emission in a bandwidth from 500 
to 560 nm relative to emission in a bandwidth of 560 to 620 nm in the 
same area of the sample was proportional to the relative amount of 
double-stranded to single stranded DNA 
Ratiometric Image Analysis of YOYO-l-Demenbranated Sperm 
Nuclei Complexes 
The emission spectrum of sperm chromatin-YOYO-1 complexes 
was identical to that of dsDNA-YOYO-1 (data not shown). Ratiometric 
image analysis of YOYO-l-sperm nuclei complexes is shown in Fig. 2 A. 
The reproducibility of these analyses is demonstrated by five images of 
YOYO-l-sperm nuclei in the same field: the images look virtually 
identical and exhibit nearly identical ratios of 1.60 (Fig. 2 B). 
Ratiometric Image Analysis of YOYO-1-Embryonic Nuclei 
Complexes 
As control nuclei containing "entirely" double-stranded DNA (in 
order to set the ratio of double to single-stranded DNA within an intact 
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nucleus not undergoing DNA replication) we chose sperm nuclei. 
Initially, the ratio of double- to single-stranded DNA in a "non-
replicating" nucleus was established using sperm chromatin. Since no 
DNA replication is detected in neurons or neuroglia under normal 
physiological conditions, we chose Xenopus brain cells as non-dividing 
control cells to compare with rapidly dividing Xenopus embryonic cells. 
Nuclei from brain cells contain chromatin packeged with histones rather 
than the protamines found in sperm nuclei 
Intact nuclei were isolated from cleaving Xenopus embryos 
(blastulae), gastrulae and adult brain, stained with YOYO-1, and 
examined by confocal microscopy (Fig. 3). Ratiometric image analysis 
(Fig. 3A) of brain nuclei (relative to "entirely" double-stranded nuclei 
calibrated using sperm nuclei to an average ratio of 1.60 (orange in the 
color scale) for emission at double-stranded wavelength divided by 
emission at single-stranded wavelength for sperm nuclei) yielded an 
average ratio of 1.70 (red-orange on the color scale). There was very 
little variation in the ratio of double- to single-stranded DNA (that is, 
very little heterogeneity) among different brain nuclei (Fig. 3B). In 
contrast, nuclei from cleaving embryos yielded an average ratio of O.SS 
(blue on color scale), with slight heterogeneity (Fig. 3B). The decrease in 
ratio suggests that roughly one third of the DNA in the cleavage nuclei 
may be single-stranded (see Discussion). Nuclei isolated from gastrulae 
were much more heterogeneous, yielding ratios ranging from 1.70 to 
0.70, with a modal ratio of 1.00 (yellow-green on the color scale) (Fig. 
36). Thus, single stranded DNA regions in nuclei of gastrulae comprised 
anywhere from <1% to roughly a quarter of total amount of DNA. These 
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results establish that abundant single-stranded regions exist in intact 
nuclei from cleaving embryos, and that less-extensive single-stranded 
regions exist in some but not all intact nuclei isolated from gastrulae. 
Several additional points should be emphasized. All nuclei isolated 
from cleaving embryos contained extensive single stranded regions 
based on ratiometric image analysis. This is consistent with reports that 
nuclei in cleaving embryos replicate synchronously prior to midblastula 
transition Graham, 1966). This is consistent with the ratiometric image 
analysis which shows that the DNA in some nuclei is "entirely" double-
stranded whereas other blastular and gastrular nuclei contain 
substantial amounts of single-stranded DNA (Figs. 2 and 3). 
Single-Stranded Chromosomal DNA is Generated in Nuclei 
Replicating in Xenopus Egg Extracts 
If formation of transiently single-stranded replicative 
intermediates plays a role chromosomal DNA replication in Xenopus, it 
might be expected that nuclei replicating in a cell-free Xenopus egg 
extract may contain substantial amounts of single-stranded DNA. This 
possibility was investigated by carrying out replication of 
demembranated sperm nuclei in Xenopus egg extracts prepared by the 
method of Blow and Laskey (1988). Input sperm nuclei (the same as 
used for the non-dividing double-stranded calibration standard) were 
orange-red, very homogeneous, and slightly more orange (1.60 versus 
1.70) than brain nuclei (Figs. 2A and 2B). Incubation of demembranated 
sperm nuclei in cell-free Xenopus egg extracts resulted in most nuclei 
becoming yellow to yellow-green (Fig. 4) like the majority of gastrula 
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nuclei, during ongoing DNA replication. This suggests that the formation 
of single-stranded DNA accompanies (or precedes) chromosomal DNA 
replication. 
Electron Microscopy of Isolated Chromosomal DNA Molecules 
In view of the extensive single-stranded character of 
chromosomal DNA in intact embryonic nuclei undergoing DNA 
replication and during replication of intact nuclei in a cell-free Xenopus 
egg extract, we undertook to further characterize single-stranded 
regions in chromosomal DNA isolated from nuclei prepared at three 
stages of embryogenesis with greatly differing S phases. It may be 
hoped that additional insight into the structures of the molecules 
containing single-stranded regions would be obtained, in spite of 
formidable difficulties posed by subsequent structural alterations that 
could occur during isolation of the DNA (such as branch migration or 
renaturation of strand-separated regions (see below). 
The kinds of molecules containing the single-stranded regions 
(which are diagrammed in Fig. 12 below) showed striking variations 
with stage of embryonic development. The typical chromosomal DNA 
molecule isolated from cleaving embryos (blastulae) contained multiple 
alternating single- and double-stranded regions. These regions are most 
easily visualized by decoration with single-stranded DNA binding 
protein (Figs. 5A to 5D). A decorated molecule containing alternating 
regions of single- and double-stranded DNA is shown in Fig. 5E. 
Individual molecules which were "fully" duplex (Fig. 5E, bottom 
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molecule) as well as those with longer single- and double-stranded 
regions (Fig. SF) were also abundant. 
During later stages of development, the kinds of molecules that 
contained single-stranded regions changed dramatically (diagrammed in 
Fig. 12 below). DNA molecules with short alternating single- and 
double-stranded regions, which were abundant during cleavage, were 
extremely rare after the mid-blastula transition. In gastrulae, less 
frequent but much longer single-stranded regions and long molecules 
with the morphology of "entirely" single-stranded DNA, ranging in 
length up to 75 kb, were seen (Fig. 7A below). 
To quantitate the lengths of the single- and double-stranded 
regions, it is necessary to identify these regions in the absence of rec A 
protein since decoration with rec A protein compacts single-stranded 
regions ca. 7 fold and makes it difficult to quantitate their lengths. To 
distinguish single- and double-stranded regions in linear chromosomal 
DNA, therefore, the morphology along the entire molecule was visually 
compared to circular single-stranded M13 DNA (Figs. 6B, D) or to 
circular double-stranded ColEl plasmid DNA (Figs, 6A, C) spread on the 
same grids. The contour lengths of single- and double-stranded regions 
along each molecule were digitized (see Materials and Methods). The 
fraction of the total contour length of DNA that was single-stranded 
correlated inversely with the length of S phase at three developmental 
stages (Table 1). The single-stranded regions could be classified in four 
distinct categories: terminal regions (Figs.4a, B and 6A, B) ; internal 
regions (Figs. 4C, D and 6C, D); "entirely" single-stranded molecules (Fig. 
7A) and "strand-separated regions" (Fig. 8). It should be emphasized 
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that small (<0.5 - Ikb) double-stranded regions in "entirely" single-
stranded DNA (Fig. 5 E), or small single-stranded regions in "fully" 
double-stranded DNA, would usually not be identified. The fourth 
category, "strand-separated regions", comprises structures in which the 
separate strands of the duplex appear to be stably denatured over an 
extended region (>lkb) encompassing up to 8 kb; it is not obvious why 
these single-stranded regions do not renature (see Discussion). 
In blastulae the internal (average length 0.95 kb) and terminal 
(average length 0.71 kb) single-stranded regions were relatively short. 
In gastrulae internal single-stranded regions ranged in length up to 17 
kb with a mean length of 1.3 kb. Terminal single-stranded regions 
ranged in length up to 46 kb with a mean length of 3.3 kb. Occasional 
double-stranded DNA molecules that appeared to have bifurcated into 
two long single-stranded regions were also observed (Fig. 7B, see also 
Fig. 9 in (Benbow, 1985)).The average length of internal single-stranded 
regions in DNA from hatched embryos was 0.96 kb (ranging in length 
up to 10 kb) and the average length of terminal regions was 2.1 kb 
(ranging up to 17 kb). In addition, some molecules isolated from 
hatched embryos appeared to be "entirely" single-stranded, ranging up 
to 32 kb in length. Strand-separated regions, which were not observed 
at all in chromosomal DNA from cleaving embryos, were found 
frequently in DNA from gastrulae (average length 1.7 kb) and hatched 
embryos (average length 1.6 kb). 
Small, apparently discrete, stable, regions of strand separation 
(individual microbubbles) were also observed in DNA isolated from 
embryos at most stages of development. Isolated microbubbles up to a 
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kilobase in length were observed (Figs. 8B, C), but their modal length 
was 200 bases (Fig. 9). Previously we used the term "separons" 
(££jlMated regi£>ii£) (Benbow, 1985; Gaudette and Benbow, 1986) for 
microbubbles to distinguish those that were apparently single-stranded 
on both arms (1,1 separons) from those which appeared to have one 
single-stranded and one double-stranded arm (1,2 separons). 
Biochemical Analysis of Embryonic DNA 
To obtain further insight into the nature of the single-stranded 
regions, three kinds of biochemical analyses were carried out on 
isolated chromosomal DNA. A triple label protocol was used so that the 
fate of exogenous single- and double-stranded DNA molecules added to 
homogenates of embryos could be monitored during isolation of 
embryonic chromosomal DNA (Fig. 10). This protocol provides an 
internal control to minimize the possibility that single-stranded regions 
are generated or destroyed spuriously by structural changes induced by 
the lysis procedure, by subsequent handling of the lysate, or by 
promiscuous nuclease or DNA helicase activities. 
Nuclease digestion quantitates the fraction of total chromosomal 
DNA that is single-stranded. Si nuclease digestion liberated an average 
of 28% (range of 15 to 35%) of the 32p.iabei fi-Qm chromosomal DNA 
isolated from cleaving embryos (Table 2) and an average of 3.6% of the 
32p-iabel from DNA isolated from gastrulae (range 2.3% to 6.2%). Mung 
bean nuckease digestion reproducibly gave slightly different results 
(16.5 % for cleaving embryos and 7.7% for gastrulae) for unknown 
reasons. Nuclease digestion of DNA molecules isolated after hatching 
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were not included because they consistently showed solubilization of 
the ^^C-labeled internal double-stranded control DNA, presumably as a 
result of the extremely high levels of endogenous nuclease activities 
expressed at hatching (Ford et al., 197S). 
Chromatography on BND cellulose quantitates the fraction of 
individual molecules that contain single-stranded regions. Therefore, 
predominantly double-stranded molecules that contain single-stranded 
regions will fractionate with single-stranded DNA (Wortzman and Baker, 
1980; Wortzman and Baker, 1981). ^H-labeled single-stranded and l^c-
labeled double-stranded DNA molecules were internal controls to 
monitor fractionation of entirely single- and double-stranded molecules 
that had been coisolated with the chromosomal DNA. At each 
developmental stage, a majority of the 32p.iabeled DNA coeluted with 
single-stranded DNA (Table 3), and thus contained single stranded 
regions. Using conditions that minimize introduction of new single-
stranded regions (Henson, 1978), mechanical shearing of embryonic 
DNA to an average size of 4 kb resulted in only slightly lower amounts 
of 32p.iabel eluting as single-stranded DNA (data not shown). This 
result would be obtained if single- and double-stranded regions are 
interspersed (as suggested by electron microscopy). 
Centrifugation in Cs2S04-AgCI04 gradients separates DNA 
according to the fraction of single-stranded DNA in each individual 
molecule (Table 4). The peak fraction of ^H-labeled single-stranded 
DNA had a density of 1.58-1.59 g/cm^ and the peak fractions of both 
the 14c-labeled double-stranded DNA and the 32p_iabeled embryonic 
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DNA had densities of 1.49 g/cm3. However, the distribution of the 32p_ 
labeled DNA was strongly skewed toward higher buoyant densities 
relative to the ^^C-labeled double-stranded DNA. Roughly 35% of the 
radioactivity isolated from blastulae and 11% of the radioactivity 
isolated from gastrulae were shifted to a buoyant density higher than 
that obtained for the ^^C-labeled double-stranded control. This result 
would be obtained if the chromosomal DNA contained interspersed 
single- and double-stranded regions. 
Visualization of Sites of Nascent DNA Synthesis in 
Chromosomal DNA of Cleaving Embryos 
We have shown that up to one-third of chromosomal DNA in 
cleaving Xenopus embryos is single-stranded, both in intact nuclei and 
in isolated DNA molecules. Moreover, we have shown that the single-
and double-stranded regions are interspersed throughout the genome: 
60% of all DNA molecules from cleaving embryos contain single-
stranded regions sufficiently extensive to bind to benzoylated 
napthoylated DEAE cellulose, and 35% contain regions sufficiently 
extensive to shift the buoyant density of the molecule in CsAg gradients. 
One possible interpretation of these observations is that the parental 
strands have separated over entire chromosomal domains and that each 
double-stranded region corresponds to a site of ongoing daughter strand 
synthesis. To test this possibility, cleaving embryos (stages 7-8) were 
microinjected with biotinylated dNTPs and allowed to continue DNA 
synthesis for 1.5 minutes, after which chromosomal DNA was isolated 
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under conditions where no additional DNA synthesis could occur. 
Incorporated biotinylated nucleotides were visualized using 
streptavidin colloidal gold an the DNA spread for electron microscopy. 
As shown in Fig. 11, newly synthesized DNA is observed at multiple 
sites along the molecule extending 20 kb or more. The "kinky" contours 
and of the molecules and "stalks" suggest they contain extensive single-
stranded regions (Davis et al., 1971). As reported previously, replication 
forks were not observed (Gaudette and Benbow, 1986). These results 
suggest that long, unbranched, chromosomal DNA molecules are 
templates for ongoing DNA synthesis at multiple sites on chromosomal 
DNA molecules in cleaving Xenopus embryos. 
Discussion 
Characterization of Chromosomal DNA in Intact Nuclei 
We have shown using laser confocal microscopy after staining 
with YOYO-1 that chromosomal DNA in intact nuclei of rapidly dividing 
Xenopus embryos contains extensive single-stranded regions comprising 
up to one third of the genome. These regions are formed when there is 
no detectable transcription and cell cycles consist only of alternating S 
phases and mitoses (when the nuclear membrane breaks down). This is 
consistent with a role for transient single-stranded DNA in DNA 
replication since the only intact nuclei from cleaving embryos would be 
in S phase, and all intact nuclei contained extensive regions of single-
stranded DNA. In gastrula there was marked heterogeneity in the 
amount of single-stranded DNA per nucleus. Such heterogeneity would 
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be expected if nuclei isolated from gastrulae are in different stages of 
the cell cycle including some not in S phase, and those that are 
replicating do so more slowly than cleavage nuclei. Finally, nuclei from 
non-dividing cells show no detectable single-stranded character. The 
slight ratio difference between sperm versus brain nuclei may reflect 
greater compaction by the protamines in sperm nuclei versus histones 
in brain nuclei or may indicate tiny amounts of single stranded DNA in 
sperm nuclei as has been reported for human sperm. Using YOYO-1 
staining of nuclei replicating in an in vitro Xenopus egg extract, single-
stranded regions are formed in Xenopus sperm chromatin concomitant 
with the onset of DNA replication: again this suggests a possible role for 
the single stranded regions as potsential replicative intermediates. 
Analysis of Single-Stranded DNA in Early Embryos 
Electron microscopy and nuclease digestion each quantitate the 
fraction of the genome found as single-stranded DNA. The fraction of 
total contour length of DNA that was judged to be single-stranded by 
electron microscopy was greatest in blastulae (30 to 40%) and less in 
gastrulae (6%) and hatched embryos (3%) ((Gaudette and Benbow, 
1988); Table 1). In general agreement with these values. Si nucleases 
solubilized an average of 28% (ranging up to 35% in some preparations) 
from cleavage embryos; and 3.6% from gastrulae. Case et al. (Case et al., 
1974) reported that the percentage of chromosomal DNA from sea 
urchin embryos susceptible to digestion by SI nuclease similarly 
decreased as development proceeded (19% in morulae, 4% during 
cleavage, and nearly 0% during gastrulation). Different preparations of 
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Xenopus embryonic DNA showed substantial variations in the fraction of 
single-stranded DNA measured both by electron microscopy and by 
nuclease digestion. Since the fraction of single-stranded DNA found in 
any single preparation in highly reproducible, it seems likely that these 
variations are real and reflect degrees of synchrony in different 
populations of cleaving and gastrulating embryos. The fraction of the 
genome that was single-stranded quantitated by nuclease digestion was 
always less than measured by electron microscopy for the same 
preparation. This finding was anticipated because electron microscopy 
measures total contour length and, therefore, single-stranded regions 
will appear twice. In addition, it is very difficult to visualize small 
nascent fragments (<1 kb) on long chromosomal DNA, and it is not 
feasible to accurately digitize the exact transitions between single- and 
double-stranded regions over the 10^ kb of chromosomal DNA 
measured at each embryonic stage. However, the difference between 
the nuclease digestons and the contour length is probably also real and 
indicates that the parental strands have almost all separated in 
blastulae, but not in gastrulae. 
Single-stranded DNA preferentially binds to BND cellulose (Hayton 
et al., 1973b; Scudiero and Strauss, 1974; Henson, 1978; Wortzman and 
Baker, 1981) which retains single-stranded DNA even when the single-
stranded regions are interspersed with extensive regions of double-
stranded DNA (Wortzman and Baker, 1981). The fraction of 32p.iabeled 
material recovered that eluted with single-stranded DNA was high at 
every stage of embryogenesis. This suggests that a majority of long 
chromosomal DNA molecules isolated from Xenopus embryos contain 
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single-stranded regions. This is in contrast to chromosomal DNA isolated 
from mammalian cells (Ward et al., 1985). 
Single-stranded DNA can also be distinguished from double-
stranded DNA by higher buoyant density in CsCl and CS2SO4 gradients. 
This property has been used to determine whether single-stranded 
regions in chromosomal DNA are extensive (Paoletti et al., 1967; Painter 
and Schaefer, 1969; Tapiero et al., 1972; Collins, 1974; Hoffman and 
Collins, 1976; Collins, 1977; Collins et al., 1977; Wanka et al., 1977; 
Probst et al., 1979). Using an adaptation of the method of Hoffman and 
Collins (Hoffman and Collins, 1976), DNA isolated from Xenopus 
gastrulae showed a slight shift to higher buoyant density; different 
preparations of DNA from blastulae exhibited much greater shifts. In 
contrast to the results Collins obtained with mammalian cells (Collins, 
1974; Hoffman and Collins, 1976; Collins, 1977; Collins et al., 1977), we 
did not see a prominent shift in the density of the peak fraction. 
Instead, we observed skewing of the entire pattern of 32p radioactivity 
toward higher densities. This difference, however, is not a contradiction 
and presumably reflects the structure of DNA isolated from cleaving 
embryos, which is comprised predominantly of short alternating single-
and double-stranded regions so that each individual molecule 
intermediate in density (see Fig. 12). It is important to note that 
"entirely" single-stranded DNA was rare and perhaps nonexistent 
during cleavage: this would be expected based on the high concentration 
of DNA polymerase a molecules per chromosomal domain at this time. 
Thus, the observation that X-length single-stranded DNA molecules 
were not observed in DNA isolated from cleavage embryo (Hyrien and 
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Mechali, 1993) not only does not contradict the Strand Separation Model 
as those authors claim, but rather supports one of the key predictions of 
this study for the structure of chromosomal DNA during cleavage. 
During cleavage it was often difficult to unambiguously classify a 
molecule as either entirely single- or double-stranded, or to decide 
exactly where a single-stranded region ended and double-stranded DNA 
began. This is expected because of the great excess of polymerase-
primase if rapid strand separation is followed by DNA polymerase-a: 
primase binding and synthesis at multiple relatively small sites 
throughout entire domain. 
Molecules with short alternating single- and double-stranded 
regions were rare in DNA isolated from Xenopus gastrulae or hatched 
embryos. Instead, the length of both single- and double-stranded 
regions dramatically increased although the fraction of DNA that was 
single-stranded dramatically decreased. The most striking difference 
was in the maximum length of the single-stranded regions observed: 6.7 
kb in DNA isolated from blastulae, 75 kb in DNA from gastrulae; and 32 
kb in DNA from hatched embryos. In DNA isolated from Xenopus testis 
single-stranded regions were rare, exclusively terminal, and ranged up 
to only a few hundred bases in length. It is likely that these short 
terminal regions were generated by shear forces during DNA isolation 
(Pyeritz et al., 1972). We think it is highly unlikely that shear can 
explain the presence of the extensive terminal single-stranded regions 
described in this paper and elsewhere (Hoffman and Collins, 1976; 
Collins, 1977; Collins et al., 1977; Baldari et al., 1978; Bjursell et al., 
1979; Kurek et al., 1979; Micheli et al., 1982)(see below). It seems more 
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probable that long terminal single-stranded regions were generated by 
breakage of chromosomal molecules within internal single-stranded 
regions generated by strand separation that extend to a full domain in 
length. 
Extensive regions in which the duplex appears to be stably 
denatured were observed in chromosomal DNA isolated from gastrulae 
and hatched embryos, but not in DNA isolated from blastulae. The 
"stably denatured" strands do not reanneal during preparation for 
electron microscopy, but are nonetheless sensitive to digestion by 
nuclease SI (that is, they were not seen by electron microscopy in DNA 
digested with SI nuclease, Gaudette 198S, Ph.D. thesis). Stable strand 
separated regions could result from stabilization of the unwound 
regions by tightly bound factors (proteins), or because renaturation was 
impeded by proteins (such as DNA topoisomerase I or II) bound at the 
crossover nodes that hindered free rotation of the DNA. Strand 
separated regions are not likely to be spreading artifacts, since they are 
found only in chromosomal DNA isolated from embryos at specific 
developmental stages and were not observed in mouse L cell or 
Xenopus testis DNA (Gaudette 1988, Ph.D. thesis). 
A Model of Intermediates in Chromosomal DNA Replication 
During Embryogenesis 
We assume that the structures observed by electron microscopy 
in isolated DNA molecules are related to structures within nuclei 
undergoing DNA replication, although possibly altered by branch 
migration, renaturation, strand separation of destabilized regions and so 
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on. We have used our quantitative analyses to construct models for 
replicative intermediates in chromosomal DNA at three stages of 
embryogenesis (Fig. 12). We have incorporated the following features, 
(i) During cleavage most chromosomal domains are fully strand 
separated such that the two parental strands are single-stranded with 
multiple sites of nascent DNA strand synthesis: this was the 
predominant structure observed in DNA isolated from blastulae. This 
also follows from the short S phase and the fact that the fraction of the 
genome that is single-stranded by SI nuclease digestion is 85 to 95% of 
the fraction of the genome that is single-stranded by electron 
microscopy. That is, electron microscopy measures the total contour 
length, whereas nuclease digestion measures the fraction of the total 
genome that is single-stranded. Therefore, if the parental DNA has 
strand separated then the contour length of single-stranded DNA should 
approximate the percent digested by SI nuclease; (ii) During 
gastrulation and thereafter most chromosomal domains are double-
stranded such that the two parental strands remain together, although 
entire chromosomal domains can be single-stranded: this follows from 
the longer S phase and the fact that the fraction of single-stranded DNA 
measured by SI digestion is approximately 50% of the fraction of the 
genome that is single-stranded by electron microscopy (iii) There are ca. 
9 polymerase a molecules per domain in an early blastula, and these 
are recycled to give multiple priming events; the primers are soon 
displaced by DNA polymerases 8 and/ or e. (iv) There are ca. 2 molecules 
polymerase a per domain during gastrulation; thus the sites of priming 
are much further apart than in cleaving embryos and, therefore, the 
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single-stranded regions will be longer, (v) Since single chromosomal 
domains are up to 85 kb in length (the average size of an isolated 
molecules), and since single-stranded DNA is more shear sensitive than 
double-stranded DNA, branched structures are rare, (vi) Most terminal 
single-stranded regions result from the breakage of larger internal 
single stranded regions. Therefore, the average separation between 
growing DNA strands is the proportionally adjusted average of the 
lengths of internal regions plus the lengths of terminal regions plus half 
the length of the ssDNA molecules. 
Generalization to Other Organisms 
Single-stranded regions have been reported in chromosomal DNA 
isolated from sea urchin embryos (Baldari et al., 1978; Kurek et al., 
1979), Vicia faba root tips (Micheli et al., 1982). Salmo irideus gonads 
(Micheli et al., 1982), Carassius auratus testis and ovary (Micheli et al., 
1993), Gallus domesticus embryos (Micheli et al., 1993), Xenopus larvae 
(Micheli et al., 1982), regenerating rat liver (Hoffman and Collins, 1976; 
Micheli et al., 1993), and human cell lines (Collins, 1977; Collins et al., 
1977; Bjursell et al., 1979).(Lonn and Lonn, 1988; Stewart et al., 1991) 
Replication Forks in Metazoa are Underrepreented 
In the twenty-five years following the seminal autoradiographic 
experiments of Huberman and Riggs in mammalian cells (Huberman and 
Riggs, 1966; Huberman and Riggs, 1968), virtually all studies of 
replication of chromosomal DNA molecules in eukaryotes have been 
interpreted in terms of relatively small, independent replication units 
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called "replicons" (Edenberg and Huberman, 1975; Hand, 1978). Within 
each replicon, DNA replication was posited to begin at a specific 
sequence, designated an "origin", and to progress outward 
bidirectionally at two growing points called "replication forks". In our 
study, the term replication fork is specifically deHned as a branched 
replicative intermediate in which continuous (leading) strand synthesis, 
discontinuous (lagging) strand synthesis, and unwinding of parental 
duplex DNA are tightly coupled. Origins of DNA replication and 
replication forks have been convincingly established in prokaryotes, 
eukaryotic viruses, and yeast, but have proven elusive in metazoa. 
Implicit in the concept that replication in eukaryotes starts at multiple 
origins from which replication forks move outward bidirectionally 
(Huberman and Riggs, 1968) is the expectation that closely spaced 
replication forks will be found in chromosomal DNA isolated from 
rapidly dividing eukaryotic cells. In agreement with this prediction, 
tandem arrays of replication forks have been reported in DNA isolated 
from Drosophila preblastoderm (Wolstenholme, 1973; Blumenthal et al., 
1974; Kriegstein and Hogness, 1974; Zakian, 1976; McKnight et al., 1977; 
McKnight and Miller, 1977; Tsanev and Semionov, 1985) and other 
dipteran (Lee and Pavan, 1974) embryos. Replication forks have also 
been observed in lower eukaryotes (Petes et al., 1973; Newlon et al., 
1974; Truett and Gall, 1977; Vogt and Braun, 1977; Klein and Byers, 
1978; Funderud et al., 1979; Hardman and Gillespie, 1980; Cech and 
Brehm, 1981; Pierron et al., 1982; Conrad and Newlon, 1983; Murti and 
Prescott, 1983; Prescott, 1983; Allen et al., 1985) and in some sea 
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urchins (Kurek et al., 1979; Botchan and Dayton, 1982; Busby and 
Reeder, 1982; Shioda and Shiroya, 1987). 
In numerous other studies involving metazoa, however, 
replication forks have been reported to be substantially 
underrepresented in DNA isolated from rapidly dividing cells (Baldari et 
al., 1978; Riley and Weintraub, 1979; Micheli et al., 1982; Benbow, 1985; 
Djondjurov et al., 1986; Gaudette and Benbow, 1986). In metazoa 
replication forks have rarely been observed (Taylor et al., 1973; Burks 
and Stambrook, 1978; Riley and Weintraub, 1979; Valenzuela et al., 
1983; Djondjurov et al., 1986), and have proven quite difficult to isolate 
(Burks and Stambrook, 1978; Probst et al., 1979). 
Although the classic experiments of Huberman and Riggs were 
interpreted in terms of origins, replication forks, and replicons, those 
authors noted that "very few of the autoradiograms obtained after 
simple pulse labeling had an appearance suggesting that they may be 
the result of two fibers lying side-by-side [that is, replication forks]. 
That is, most such autoradiograms were just thin lines of grains with no 
evidence of separation into two lines of grains." The failure to observe 
"Cairns" type replication forks was interpreted by the authors in terms 
of collapse of the two daughter chains upon each other during spreading 
of the DNA for autoradiography. In support of this, these authors also 
noted that "half or more of the simple pulse autoradiograms were 
probably produced by two labeled chains". It should be noted, however 
that half of the pulse autoradiograms were produced by single labeled 
chains. If these single labeled chains were arranged in tandem arrays as 
were the majority of tracks, it is extraordinarily difficult to interpret 
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such pulse-labeled tandem arrays of single chains in terms of 
replication forks. The simplest interpretation of such arrays is that the 
parental duplex had separated into long single-stranded regions, and 
that synthesis was occurring at multiple sites along these regions 
starting at preferred start sites. Thus we suggest that the long-standing 
difficulties in the isolation of replication forks in metazoa simply reflect 
the fact that DNA unwinding is uncoupled from DNA synthesis. This has 
important implications for the nature of replication origins in metazoa, 
for the use of the terms leading and lagging strands, and for the 
appropriateness of the term "replication fork" in metazoa. 
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Figure Legends 
Fig. 1. The Emission Spectra of DNA-YOYO-1 Complexes. 
A Four samples each containing 0.1 ng DNA and 9.5 x 10*6 pg of YOYO-1 
(1 bp:5 dye) were prepared with ratios of ds-DNA:ss DNA of 10:0, 6:4, 
4:6 and 0:10 respectively. Samples were incubated at room temperature 
for 2 h, excited at 470 nm, and the emission spectra determined as 
described in Experimental Procedures. B Fluorescence intensity of 
mixtures of single- and double-stranded DNA. Ten samples were 
prepared with the ratios of ds DNA:ss DNA of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 
4:6, 3:7, 2:8, 1:9 and 0:10 respectively. Each sample contained 0.1 (ig of 
total DNA and was stained with YOYO-1 at ratio of 1 bp:5 dye as 
described above. Samples were incubated at room temperature for 2 h, 
excited at 470 nm and the fluorescence intensity at 510 nm determined 
using a spectrofluorimeter. 
Fig. 2. Ratiometric Image Analysis of Xenopus Sperm Nuclei. 
A Ratiometric image analysis of Xenopus sperm nuclei. 6.4 x 10 
Xenopus demembranated sperm nuclei were incubated with YOYO-1 at 
ratio of lbp;5 dye for 2 h at room temperature for 2 h. The samples 
were loaded on glass slides and visualized by laser confocal microscopy 
(^excitation 488 nm). (A) YOYO-1 stained Xenopus sperm chromatin were 
visualized by ratiometric analysis. Images of sperm chromatin were 
collected at 530±30 nm and 590±30 nm. The ratio of 530±30: 590±3 0 
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nm is shown on the right side of the panel. B A field containing YOYO-1 
stained Xenopus demembranated sperm nuclei. Note the uniformity of 
[staining; character] both across a single nucleus and among different 
nuclei. 
Fig. 3. Identification of Single-Stranded DNA within Intact Nuclei. 
Using the Fluorescent Dye YOYO-1. Nuclei were isolated from cleaving 
embryos (blastulae), gastrulating embryos and brain cells, incubated 
with YOYO-1 as described above, and visualized by laser confocal 
microscopy (^excitation nm.) as described in Materials and Methods. A 
shows images of a brain cell nucleus collected at 530±30 nm (Image 1), 
590±30 nm (Image 2), and the ratio S30±30: S90±30 nm. B shows 
images for randomly selected nuclei from blastulae (left column), 
gastrulae (center column),.and brain cells (right column). 
Fig. 4. Formation of Single-Stranded DNA Accompanying DNA 
Replication in A Cell-Free Xenopus Egg Extract. 
1 X lO'^ Xenopus demembranated sperm nuclei were incubated in 30 ^il 
egg extract for 35 min, isolated by a previously described method 
(Blow, 1993) and stained with YOYO-1 at a ratio of lbp:5 dye for 2 h at 
room temperature. Samples were loaded on glass slides and randomly 
selected nuclei were analyzed ratiometrically using a confocal 
microscope as described above. 
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Fig. 5. Visualization of Single-Stranded Regions Decorated with E. Coli 
Rec A Protein. 
A Portion of a molecule spread under conditions for visualizing stable 
rec A single-stranded DNA filaments. Using aqueous spreading 
conditions, single-stranded DNA coated with single-stranded binding 
protein and rec A protein forms filaments that appear thicker and have 
smoother contour than double-stranded DNA. Single-stranded DNA is 
compacted approximately seven-fold using these conditions. Uncoated 
single-stranded DNA and RNA would collapse using this conditions. A 
terminal filament is shown. B Portion of a molecule spread under 
conditions for visualizing stable rec A single-stranded DNA filaments. A 
terminal filament is shown. C Portion of a molecule spread under 
conditions for visualizing stable rec A single-stranded DNA filaments. 
An internal filament is shown. D Portion of a molecule spread under 
conditions for visualizing stable rec A single-stranded DNA filaments. A 
internal filament is shown. E Two portions of a molecule isolated from 
late blastulae and spread under aqueous conditions for visualizing 
stable rec A single-stranded DNA filaments. The predominantly single-
stranded DNA (fllament) at the top of the micrograph has two 
discontinuities that are likely correspond to small double-stranded 
regions (see Discussion). Control linear single-stranded Ml3 DNA or 
denatured X DNA formed continuous filaments using the reaction 
conditions described in Materials and Methods. The portion of the 
molecule visible at the bottom of the field appears to be entirely 
double-stranded. F A portion of a molecule isolated from late blastulae 
and spread under aqueous conditions for visualizing stable rec A-single-
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stranded DNA filaments. The molecule is double-stranded DNA at one 
end, the other end has formed a long filament. Bars represent 1 kb of 
double-stranded DNA. Single-stranded DNA is compacted seven-fold 
during filament formation. 
Fig. 6. Visualization of Single-and Double-Stranded Regions in 
Chromosomal DNA by Electron Microscopy. 
Chromosomal DNA from gastrulae was isolated, prepared for electron 
microscopy, photographed and digitized as described in Materials and 
Methods. Arrows indicate the transition from double to single-stranded 
DNA. A Portion of a DNA molecule showing an extensive terminal 
single-stranded region. The field contains two double-stranded ColEl 
plasmid molecules. Double-stranded DNA has a thick smooth contour. 
Single-stranded DNA is thinner, with a kinky irregular contour (see Fig. 
IB). B Portion of a molecule showing an extensive terminal single-
stranded region. The field also contains three complete circular single-
stranded bacteriophage M13 molecules and portions of two others. C 
Portion of a DNA molecule showing an extensive internal single-
stranded DNA region flanked by duplex DNA. The field contains two 
CoIEl double-stranded monomeric plasmids and one CoIEl dimeric 
plasmid. D Portion of another molecule showing an extensive internal 
single-stranded region. The field contains two complete linear single-
stranded bacteriophage Ml3 molecules and a portion of a third. 
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Fig. 7. Visualization of A Extensive Single-Stranded Region in 
Chromosomal DNA by Electron Microscopy, 
A A 32 kb molecule that appears to be predominantly single-stranded. 
Molecules that appear to be predominantly single-stranded are never 
observed in preparations that have been treated with SI nuclease. B A 
kb double-stranded molecule that branches into two long single 
stranded regions. This is a key transient intermediate in the strand 
separation hypothesis. Such molecules are rare, presumably because 
they are fragile and because they renature during preparation of 
chromosomal DNA for electron microscopy. An arrow indicates the 
branch point from double- to two single stranded DNA structures. The 
single-stranded DNA has partially collapsed during spreading. Bars 
represent 1 kb. 
Fig. 8. Visualization of Strand-Separated Regions in Chromosomal DNA 
by Electron Microscopy. 
A A portion of a DNA molecule showing two strand-separated regions 
separated by a long duplex region. The field contains two double-
stranded ColEl plasmid molecules and a portion of a third. B A portion 
of a DNA molecule showing a strand separated region bracketed by 
arrows. Arrowheads indicate three individual microbubbles on the same 
molecule. The field contains a double-stranded ColEl plasmid. C A kb 
molecule which had been treated briefly with SI nuclease. The molecule 
contains three strand separated regions one arm of each of which has 
been cleaved at least once by the nuclease, resulting in branch points 
with two single stranded arms (arrows) where the uncut arm connects 
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the double stranded regions of the molecule. There are also several 
microbubbles present (Arrowheads) 
Bars represent 1 kb. 
Fig. 9. Characterization of Microbubbles in Chromosomal DNA. 
A Size distribution of microbubbles in which both arms were single-
stranded. Since the average size of microbubbles isolated at all stages of 
development did not show any variation, the histograms represent 
combined data from all embryonic stages. B Size distribution 
microbubbles in which one arm appeared double-stranded. 
Fig. 10. Experimental Design for Biochemical Analysis of Chromosomal 
DNA 
Diagram of the triple label protocol used to prepare 32P-labeled 
embryonic DNA for biochemical analyses of the single-stranded regions. 
Parental chromosomal DNA was radioactively labeled in vivo for at least 
eight cell divisions by microinjecting y-^^p.^TTP into dejellied 2 to 8 
cell embryos. Nuclei were isolated from cleaving embryos, gastrulae and 
hatched embryos, immediately mixed with ^H-labeled single-stranded 
and l^c-iabeled double-stranded DNA and lysed. After preparation of 
nuclei, the internal control DNA molecules were, therefore, subject to 
the same conditions as the chromosomal DNA during isolation and the 
subsequent experiments. 
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Fig. 11. Visualization of Nascent DNA in Chromosomal DNA Molecules 
Isolated from Cleaving Xenopus Embryos. 
A An electron micrograph of chromosomal DNA isolated from blastulae 
after a 1.5 minute pulse of biotin-14-dCTP, spread with streptavidin 
colloidal gold. Nascent DNA is visible at multiple sites throughout the 20 
kb molecule, suggesting that the alternating single- and double-
stranded regions seen in DNA isolated from cleaving embryos 
represents new DNA synthesis on strand-separated templates as 
depicted in Fig. 12. Hiriyanna (1988) has shown that streptavidin 
colloidal gold is highly specific for biotinylated DNA and does not 
associate with unlabeled DNA. The unbound gold has had all 
streptavidin binding sties titrated with biotin, and distributes randomly 
across the grid. Contrast has been computer enhanced; the colloidal gold 
has been separated from the micrograph by computer and colored with 
Pantone metallic gold. 
Fig. 12. Schematic Representation of Novel Replicative Intermediates in 
Chromosomal DNA Isolated from Xenopus Embryos. 
A schematic representation of the major replicative intermediates 
observed in this study. At each stage of embryogenesis the most 
frequent classes of molecules observed corresponded to the 
intermediates predicted by the Strand Separation Model. The expanded 
detail regions are 20 Kb long. A In blastulae with a very short S phase, 
most domains in nuclei not in mitosis will be strand separated, resulting 
in long molecules which appear to be intermittently single- and double-
stranded. At this stage chromatin loops (domains) are 53 kb in length. 
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and stockpiled polymerases result in approximately 9 polymerase 
a:primases per strand-domain (in a separated state, there are two 
strands per domain). Those domains which separated earlier in S phase 
will be primarily double stranded, with short single-stranded regions, 
while those separating later in S phase will have shorter double-
stranded regions. However, single stranded regions will still be 
relatively short due to the large number of polymerases (one 
approximately every 5.8 kb). B In gastrulae, S phase is much longer and 
fewer domains are separated. The number of polymerases per strand-
domain is much lower (1.7), resulting in longer stretches of ssDNA, even 
though the total amount of ssDNA in each cell is much less. As a result 
strand separated regions can be seen at a much higher frequency than 
in blastulae. C In hatched embryos the domains are larger (81.8 Kb), 
and the strand separated regions much more limited in scope, perhaps 
corresponding to initiation zones. At this stage there are less than one 
polymerase a :primase molecules available per strand domain. Again, 
less DNA overall is single-stranded, but the average length of the single-
stranded regions is greater than in blastulae. 
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Table 1. Extent of Single-Stranded Regions in Chromosomal DNA from 
Xenopus Embryos 
(kb/lO'kb) 
Static of development 
Duration of S-Phase 
Total extent of ss DNA 
Strand-separated regions 
ss DNA molecules 
Internal ss DNA regions 
Cleaviny Embrvos 
10-20 min. 
4.000 
<1 
2.250 
980 
780 
Gastnila 
50-150 min. 
600 
70 
160 
140 
230 
Hatched Embrvos 
200 min. 
300 
30 
50 
80 
ISO 
Table 2. Single-strand-specific Nuclease Digestion of Chromosomal 
DNA 
Percentage of radioactively labeled DNA digested 
Stage of 'V-embryo ^H-ss '^C-ds 
Embryogenesis Nuclease 
Cleaving Embryos Si 28.0±7.0 74.6±8.5 < O.SiO.O 
Mung Bean 16.5±4.2 79.7±6.6 < 0.510.0 
Gastrula SI 3.610.3 72.3±14.4 < 0.510.0 
Mung Bean 7.7±3.3 67.2±20.1 < 0.510.0 
The ranges of counts used for cleaving embryo DNA with SI nuclease 
were ^H: 1,400-7,200; '^C: 150-2,700; "P: 300-3,900; with mung bean 
nuclease, 6,000-39,000; '"C: 3,300-8,200; "P: 1,500-3,300; The 
ranges of counts used for gastrula DNA with SI nuclease were 'H: 
4,000-8,800; '^C; 4,500-7,200; "P: 1,700-19,300; with mung bean 
nuclease, 'H: 1,100-5,600; '"C: 1,100-5,000; "P: 4,000-13,000. 
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Table 3. Fractionation of Single-stranded DNA by BND Column 
Chromatography 
Double-Stranded Fraction Single-Stranded Fraction 
Stage of "p- '^C-ds 'h-ss "p- "c-ds 'h-ss 
Embiyogenesis embiyoa.^ DNAa DNA^ embryoa^b dNA^ DNA^ 
Blastula 32.5±5.1 95.1±2.8 3.6±1.2 59.^6.0 3.5±3.2 94.3±2.I 
Gastrula 36.3±4.2 94.3±1.8 2.9±1.6 63.3±4.1 4.4±0.9 95.4±2.7 
Hatched embyo 42.4±3.5 94.1±3.4 2.1+0.2 53.7+7.0 1.6±1.3 97.3±Q.2 
* Data are expressed as percentage of bound radioactively eluted. 
The ranges of counts in each experiment are similar to those in 
Table 2. 
The sum of "P double-stranded and "P single-stranded does not 
exactly equal 100% because small, variable amounts eluted with the 
initial 0.3SM NaCl wash. 
Table 4. Estimation of Single-stranded DNA Content by Cs2S04-AgC104 
Gradient Centrifugation 
Percentage of Total Label Banding as 
Double-Stranded DNA Single-Stranded DNA 
'V-embryo J C-ds 'H-SS ^V-embryoa '^C-ds^ 'H-ss 
Blastula 64.2 87.0 14.1 35.6 <1 84.4 
Gastrula 88.4 88.S 10.5 11.4 <1 89.4 
"not a discrete peak of single-stranded DNA, but rather the fraction of 
^^P DNA shifted toward the density of single-stranded DNA relative to 
'^C-labeled double-stranded DNA in the same gradient. 
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CHAPTER 5. GENERAL CONCLUSION 
Quiescent cells from adult vertebrate liver and contact-inhibited 
or serum-deprived tissue cultures are active metabolically but do not 
carry out nuclear DNA replication and cell division. Using cell-free 
exacts of Xenopus laevis eggs, we have investigated some aspects of the 
mechanism which abrogate DNA replication in quiescent cells. When 
intact nuclei were isolated from either Xenopus liver cells or cultured 
quiescent A6 cells, replication of chromosomal DNA was barely 
detectable. DNA replication of quiescent Xenopus nuclei was still 
inefficient even the nuclear membrane had been permeabilized prior to 
addition of the nuclei to egg extracts. These results suggested that 
inhibitors of DNA replication might exist and prevent quiescent nuclei 
from replicating their chromosomal DNA in Xenopus egg extracts. In 
order to analyze this hypothesis more directly, nuclear extracts were 
prepared from quiescent Xenopus liver cells. As expected, replication of 
Xenopus sperm nuclei was strongly inhibited by addition of nuclear 
extracts of Xenopus liver cells. However, nuclear extracts of liver cells 
did not interfere with DNA synthesis on single-stranded DNA templates, 
implying that inhibition of DNA replication of sperm nuclei may occur 
during initiation of replication. The sperm nuclei formed in egg extracts 
after addition of the inhibitor were defective in normal growth, which is 
usually observed following the assembly of an intact nuclear 
membrane. Formation of pre-replication centers in sperm chromatin 
were also blocked by the inhibitors. Glycerol gradient sendimentation 
revealed the inhibitors were macromolecules of two sizes, with 
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sedimentation coefficients of about 10.7 S and 4.1 S. respectively. 
Inhibition of DNA replication by the inhibitors was also shown to be 
cell-cycle regulated. A plausible interpretation of these results is that 
endogenous inhibitors of DNA replication play an important role in 
establishing and maintaining a quiescent state in Xenopus cells, both in 
somatic and cultured cells, perhaps by negatively regulating positive 
modulators of the replication machinery. 
The strand-separation hypothesis states that DNA unwinding is 
uncoupled from DNA synthesis during chromosomal DNA replication in 
metazoan organisms. In this study, both Xenopus embryos and Xenopus 
egg extracts were used to test this hypothesis. To identify single-
stranded DNA directly from nuclei, a novel approach was developed 
that distinguishes single-stranded DNA from double-stranded DNA by 
use of the bis-intercalating DNA dye YOYO-1. The dye forms fluorescent 
complexes with X max sio nm when bound to double-stranded DNA and 
has a red-shift of emission wavelength with A. max sso nm when bound to 
single-stranded DNA. After being stained with YOYO-1, extensive single-
stranded regions within intact nuclei have been identified by use of 
laser confocal microscopy. Ratiometric image analysis showed that 
chromosomal DNA in intact nuclei of cleaving Xenopus embryos and 
gastrulae was extensively single-stranded. In contrast, chromosomal 
DNA in quiescent nuclei isolated from Xenopus brain cells was nearly 
indistinguishable from control double-stranded DNA in sperm nuclei. 
Ratiometric image analysis also demonstrated that DNA in Xenopus 
sperm nuclei formed in Xenopus egg extracts became extensively 
single-stranded as replication proceeded in vitro. These results are 
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consistent with the data obtained from electron microscopy, which 
identified four distinct classes of structures containing extensive single-
stranded regions in chromosomal DNA isolated at various stages of 
Xenopus embryogenesis. Pulse-labeling with biotinylated nucleotides 
showed multiple sites of nascent DNA synthesis within single-stranded 
DNA isolated from cleaving embryos. The above observations provide 
strong evidence for the novel, transiently single-stranded replicative 
intermediates predicted by the "Strand Separation Model" for 
chromosomal DNA replication. 
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